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A bstract
Generation of control torque at low cost for highly agile satellite missions is generally achieved 
with momentum exchanged devices, such as momentum or reaction wheels and control moment 
gyros (CMGs) with high slew manoeuvrability. However, the generation of a high control 
torque from the respective actuators requires high power, large mass and high cost. The main 
objective of this research is to introduce a novel type of attitude control actuator that gen­
erates control torques about all three principal axes of a rigid satellite using only a spinning 
wheel and tilt mechanisms. The tilt mechanism changes the spin axis of the spinning wheel 
about the tilt plane axes thereby generating control torque about an axis in the plane that is 
orthogonal to both the tilt axes and the spinning wheel axis. To complete the 3 DoF torque 
generation, torque is generated about the spinning wheel axis by varying the spinning wheel speed.
Few literature sources describe the concept of inertial actuator with 3 DoF torque capabil­
ities. But in this research, a novel equation of motion is developed for the proposed inertial 
actuator from the fundamental laws of physics that does not require the popular pseudo-inversion 
as obtained with CMG systems. An extended LQR control law named HPB (High Performance 
Bounded) control that uses gain-scheduling and bounded torque control to provide better atti­
tude performance than classical LQR with the advantage of incorporating a maximum torque 
constraints, was adapted to control a mathematical model of a rigid satellite.
A prototype of the proposed actuator was built using commercial off the shelf components 
(COTS). The entire hardware design process is described and is accompanied with extended 
hardware and software simulations developed using CAD and MatLab/ Simulink software.
The newly proposed actuator has several distinct advantages compared to other existing inertial 
actuators. This includes the ability to generate active control torque in all principal axes of 
a rigid satellite compared to having conventional reaction wheels aligned to each of the three 
principal axes of the satellite or a cluster of CMGs. This translates to the lower mass, lower 
power requirement and low cost that are the critical driving factors in the design of any small 
satellite ACS. This new concept presents advantages for earth observation missions where the 
required slew angle is limited and for small satellites where accommodating multiple actuators 
reduces the size that can be allocated to payloads.
Academically, significant contributions have been made to the field including: development 
of a new set of dynamic equations of motion for the inertial actuator, extending the conventional 
LQR control logic for a more time efficient control, 3 DoF testbed development, systematic 
design and build of the proposed actuator using commercial of the shelf components, and 3 DoF 
torque capability experimentation.
K eyw ords; Tilted Wheel, CMG, Attitude Control, Actuator Design, Control Law, LQR, 
Surrey Space Centre, Air Bearing Table, Control Law, Control Architecture.
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Chapter 1
Introduction
The next generation of small satellites will require high accurate attitude control system with 
agile manoeuvrability, reduced size, lower power requirement, and cost. The current Attitude 
Control Systems (ACS) generate control torques through the use of momentum exchange devices 
such as momentum wheels (MWs) or reaction wheels (RWs) and control moment gyroscopes 
(CMGs). The CMGs in particular have a principal advantage of torque amplification characteris­
tics whereby small input torque is used to generate a very high control torque output that will 
conventionally be used in a satellite mission with high agility requirement.
Apart from the traditional inertial actuators like the MW and the RW with their inherent 
disadvantages of mass and power requirements, there are different types of CMGs, such as the 
Single Gimbal CMG (SGCMG), the Double Gimbal CMG (DGCMG), the Variable Speed CMG 
(VSCMG) and most recently the Variable Speed Double Gimbal CMG (DGV). Each of this 
CMGs has advantages and disadvantages in terms of reliability, mechanical complexity and the 
occurrence of singularities when the CMG is unable to generate useful control torque in a given 
direction. Attitude control of a rigid satellite about all three axes conventionally requires multiple 
actuators (a minimum of 3 wheels or 3 SGCMGs or 2 DGCMGs), with constraints on mass, 
power consumption and even volume in smaller and increasingly capable nanosatellites.
Considering the importance of ACS to any satellite mission, and with the design of a high 
performance ACS subsystems for future high precision, agile mission scenarios within the strin­
gent physical size constraints o f’’small satellites”, it will be difficult to achieve the required control 
mission objective using the current ACS technologies like the MW, RW and the conventional 
CMGs. Gimbaling or tilting of the angular momentum vector axis of a spinning wheel to generate 
torque has been an interesting area of research for some times now, with different researchers 
looking into ways of improving this concept. There are some actuators with similar mode of 
operations (tilting concept), such as CMGs that generate amplified torque compared to other 
inertial actuators, like MWs and RWs.
1.1 R esearch O bjectives
The goal of this research work is to develop a new type of low cost, low mass, low power, less 
design complex but high performance and efficient inertial actuator tha t is capable of 3 DOF
control torque using a spinning wheel and two-axis tilt mechanism. This objective is fulfilled in 
the research work as follows:
1. Specify a subsystem (ACS) requirement that will be used as a baseline for the proposed ac­
tuator sizing. A stereoscopic imaging concept that involves the satellite imaging same point 
of interest twice in an orbit by performing both forward and backward pitch manoeuvres 
at some mission determined slew rates.
2. Based on the defined mission requirement and the computed slew rate, develop a novel 
equation of motion for the proposed inertial actuator tha t allows three-axis control and 
stabilisation.
3. The developed mathematical model to be tested using numerical simulation to demonstrate 
the 3 DOF control torque capability.
4. Design and build of a realistic inertial actuator prototype capable of 3D0F control torque 
for attitude stabilisation and control of a rigid satellite using low cost commercial of the 
shelf (COTS) components.
5. Demonstrate the technological novelty using a stand-alone testbed and modified low friction 
air-bearing table to simulate three-axis control of a rigid satellite in 3 DoF control mode.
1.2 R esearch N ovelty
In this thesis and through both numerical simulation and physical testing of the developed tilted 
wheel system, various novelties were discovered and described as follow:
• Unique and less complex tilted wheel equations of motion developed that requires no pseudo 
inversion singularity steering laws in the process of deriving the tilt motor commands and 
wheel speed commands from required control torques.
• The tilted wheel design is a robust and capable system that is suitable for small satellites. 
It will use the same power and mass requirements as a DGCMG, but achieve 3 DOF 
attitude control and stabilisation instead of two-axis control. While the tilt rate and wheel 
acceleration commands are generated without the need for pseudo-inversion.
• The proposed tilt mechanism has a flexible platform usage for user supplied COTS inertial 
wheel.
•  In addition to the actuator design, a new simplified application of LQR control theory 
extension by Miotto [54] was used to simulate a three-axis attitude control of a rigid satellite 
model. The high performance bounded LQR control law has faster rise and settling times, 
gain-schedules the control input weightings to optimise its performance, and computes 
much faster than the classical LQR.
1.3 R esearch O utline
This report describes the proposed new type of actuator made up of a variable speed spinning 
wheel and tilt mechanisms that will generate control torque in all three axes of a rigid satellite.
The actuator design, modelling and build approach is organised as follows:
Chapter 2 describes the current state of the art and reviews of the existing types of control 
technology that have been used to support space mission attitude control requirements in the past.
Chapter 3 discusses the design baseline for a low cost actuator tha t can do more for less. 
This includes highlighting and quantifying the disturbance torques that will necessitate the use 
of control actuator during nominal operation of a satellite in orbit. Also discussed in this chapter 
is a defined mission requirement used as a baseline for sizing the tilted wheel torque capability.
Chapter 4 emphasises the basic satellite mathematical model that highlights the attitude repre­
sentation, the attitude kinematic and the dynamics. The proposed tilted wheel is introduced with 
the fundamental mathematical models that describe it. This will enable easier understanding of 
how the novel tilted wheel generates 3 DoF torque tha t can control the satellite attitude and 
attitude rates in achieving the defined mission requirement.
Chapter 5 discusses some of the available classical control methods that can be used to compute 
the control commands for the operation of the actuators. Also presented is a proposed novel 
high performance bounded gain LQR control theory that has a better actuator control than the 
classical LQR control law. Some simulation results are shown to highlight the performance of 
the tilted wheel.
Chapter 6 describes both the mechanical and the electrical design overview, systematic build and 
integration of the new actuator prototype. It also highlights the selection trade-off for choosing 
the best tilt mechanism used to rotate the spin axis of the spinning wheel. All components used 
in building the actuator are highlighted including the electrical and the signal connections.
Chapter 7 describes the experimental testbed setup that includes a standalone testbed used to 
verify the performance of the tilted wheel individual components and the 3 DoF air-bearing 
table configuration that used a CubeSat PC as the OBC. Also shown and discussed in this 
chapter are the results from the two different experimental setups describing the performance 
and capability of the new actuator. The setup of the 3 DoF air-bearing table technology used for 
the testing of the tilted wheel performance and capability is also presented. The performance and 
the capability of the newly proposed actuator is compared with other existing and conventional 
inertial actuators in this chapter.
Finally in Chapter 8, all the work done and the numerical simulations and experimental results 
presented in this thesis are summarised. A novel contribution to the current state of the art is 
also given with a list of recommended future work that can further this study to building a flight 
compatible model.
Chapter 2
State-of-the Art R eview
This chapter describes the available various types of control actuators used for satellite attitude 
control and stabilisation. More emphasis are placed on the inertial actuators that have similar 
operation to the proposed tilted wheel. The actuators associated constraints are highlighted for 
proper understanding to why the need for a new kind of device that can circumvent the existing 
actuators constraints.
2.1 A ttitu d e Control System  (ACS)
The ACS is responsible for the attitude control and stabilisation of all space vehicles using 
estimation and control software, sensors and actuators as shown in Figure 2.1 to keep the satellite 
solar panels pointing towards the Sun, and payloads or transponders and antennas pointed to 
their targets. Apart from changing the orientation of the satellite, the ACS is also responsible for 
damping out any potential internal disturbance torque generated by other components onboard 
the satellite and also to compensate for any external disturbances discussed in Section 3.2. The 
subsystem is operated in closed loop with inputs from the attitude measurement units and the 
required attitude from the satellite operator or mission requirement. The attitude sensors are used 
in feedback loop to minimise errors between the desired attitude and the satellite current attitude.
Hardware used in a typical ACS as shown in Figure 2.2 includes the attitude sensors that are
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Figure 2.1: Block Diagram of a Typical ACS
responsible for the attitude measurement or attitude propagation, while the actuators that are
nominally responsible for generating control torque to stabilise and control the orientation of 
the satellite. These control actuators can be classified into two main categories according to 
their mode of torque generation namely; inertial and non-inertial actuators: Inertial actuators
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Figure 2.2: A tti tu d e  C on tro l System  H ardw are
are types of actuator that generate internal control torques through change in their angular 
momentum. This internal control torquer is optional in the control of satellite attitude, but 
allows precise control and minimises propellant usage in the case of periodic rather than secular 
disturbances. This type of actuators can further be categorised into three groups [50]:
• Momentum Wheel (MW)
• Reaction Wheel (RW)
• Control Moment Gyroscope (CMG)
The non-inertial actuators also called external torquers, generate control torque that is necessary 
for attitude control of attached satellite through no change in their angular momentum. Examples 
of this type of actuator are given as follow:
• Gas Jet or Thruster
• Magnetic Torque Rod (Torque rod)
2.2 R eaction  W heel and M om entum  W heel
Sidi [73], Chobotov [15], [31] and Wertz [86] all described the theory of satellite MWs and RWs. 
Several manufacturers such as SSTL [77] produced reaction wheels of various capabilities suitable 
for micro-satellites of a mass between 50 kg and 400 kg.
Reaction wheel consists of a spinning wheel that has nominally angular velocity of zero. This 
wheel can be rotated in either direction in response to the control torque requirements of the 
attached satellite. Reaction wheel displays a non linear response at low or zero angular speed due 
to sticking friction which can impose an irregular motion on the satellite in this domain. Though, 
this problem can be circumvented by setting the nominal operating speed of the wheel at a few 
rpm above zero[31]. A typical SSTL built microwheels reaction wheel (lOSP-M and lOOSP-0) 
used on several Earth Observation (EG) satellites including NigeriaSat-2 is as shown in Figure 2.3.
On the other hand, a momentum wheel that is also an internal torquer is similar to a re­
action wheel, but operates with a high mean speed (in the range typically 5000 to 10 000 rpm 
[31]) in order to provide momentum bias. The control torque will then slow down or increase the 
speed with a permissible amount being close to 10% of the mean value.
A typical momentum wheel consists of a flywheel that spins about a fixed axis in the body. The
Figure 2.3: Typical SSTL lOSP-M and lOOSP-O Microwheels R eaction W heels [77]
flywheel is generally axisymmetric and spins about its axis of symmetry. Angular momentum is 
exchanged between the flywheel spin axis and the body by applying a torque with a motor. The 
acceleration of the body about the spin axis of the momentum wheel is related to the change in 
angular momentum of the momentum wheel and the inertia of the body about the momentum 
wheel spin axis is represented using the Coriolis theorem, as [31]:
(2 .1)
where, ^ ()  means the rate of change of the components, =  [Jg]w is the angular momentum 
in the satellite body, Hy, is the angular momentum by the attached actuator, H is the angular
speed of the actuator and [J] is the inertia m atrix based upon the centre-of-mass s.
It is a common practice in the industry to identify space wheels by the number of actively 
controlled degree of freedom (DOF). Magnetically suspended momentum wheel of 1 DOF used 
on SPOT 1, 2 and 3 and in ERS 1 and 2 was the first to fly in Europe. Subsequently, actively 
controlled 2 DoF wheels were developed, where the wheel is controlled along two orthogonal 
radial direction . This wheels have equally been flown on SPOT 4, 5 and Helios [31]. To achieve 
a three-axis attitude control and stabilisation, a minimum of three reaction wheels are required, 
but ACS designs of three-axis stabilised satellites are often baaed on a redundant four reaction 
wheel configuration. The maximum acceleration of the body from the momentum wheel is limited 
by the maximum torque of the motor.
Scharfe et al. [69] discussed how a momentum wheel that has been flown successfully on large 
satellites can be modified to become a practical wheel for a small 100 kg satellite and the design 
process that can be used for this.
Sinclair [74] described in his paper the design and build of very small commercial wheels 
as shown in Figure 2.4 for highly agile nanosatellites in collaboration with University of Toronto 
Space Flight Laboratory (SFL). The wheel fits within a 5 x 5 x 4 cm box, weighs 185 g and con­
sumes only 100 mW of power at 2000 RPM steady state [42]. The wheel required no pressurized 
enclosure and it is custom made in one piece with the flywheel. Several units of this wheel have 
been flown on missions like CanX-2, CanX-3, CanX-4 and CanX-5 with each satellite weighing 
less than 5 kg. Tilting such a wheel by up to 30° off-pointing could be more mass, volume, and 
power advantageous than using a 3-wheel assembly, which is the current trend.
Figure 2.4: Sinclair-SFL N anosatellite W heel [74]
2.3 Control M om ent G yroscope (C M C )
A CMG is a gimballed wheel that changes the spin axis of a spinning wheel thereby generating 
control torque that is transferred to the satellite body for attitude control and stabilisation. The 
use of CMGs for satellite attitude control was introduced in the early 1960s by White and Hansen 
[88] using single degree of freedom integrating gyros for torque generation to control satellite 
attitude. This concept is illustrated using a satellite body mounted GMG system as shown in 
Figure 2.10. GMG can be characterised based on the design as:
• SGCMG (single gimbal CMG) has only one gimbal axis and the gimbal axis is fixed with 
respect to the satellite body frame. This GMG family generates control torque about an 
axis orthogonal to the momentum wheel spin axis and the gimbal axis.
• DGGMG (double gimbal CMG) has two gimbal axes and the spinning wheel is constrained 
within these two gimbals. The DGGMG generates torque by gimballing the momentum 
wheel about the gimbal plane axes, thereby generating torque in the gimbal plane axes 
orthogonal to the momentum wheel spin axis.
• VSCMG (variable speed GMG) has one gimbal axis and a varied speed spinning wheel 
(reaction wheel). The VSCMG is considered to be a hybrid between a reaction wheel and a 
conventional SGCMG. The extra degree of freedom offered by the reaction wheel mode 
of the spinning wheel allows a two degree of freedom torque to be generated about the 
spinning wheel axis and the orthogonal axis to the gimbal axis and the spinning wheel axis 
respectively.
• DGV (double gimbal variable speed CMG) is a recently introduced type of the CMGs 
family [78] [79] [23]. This type of GMG design has a combination of both a reaction wheel 
mode and the double gimbal CMG system. It is capable of generating control torque in all 
three principal axes of an attached platform.
Researchers have also come up with various CMGs configuration and steering laws to avoid 
potential singularity states that make the actuator not generating any useful torque a t some 
geometries. Each type of CMGs has its advantages like the SGCMG, it has the potential of 
generating higher output torque per available input power, while the DGGMG has the capability 
of storing momentum in a more efficient way. By varying the rotor speed in the variable speed 
GMG, allows it to circumvent the inherent singularity in the conventional CMGs (SGCMG and 
DGGMG). Peiling [23] in his work investigated two parallel mounted DGV by using switching 
mode in the operation of the system, in which the desired attitude control torque is divided into 
CMG command and RW command so as to improve the capability of CMG singularity avoidance.
Most CMGs developed were used for large space missions except for a mini-GMGs built by SSTL 
for a micro-satellite platform like Bilsat-1 [49]. This actuator shown in Figure 2.5 provided a 
low cost and power efficient approach to the design and build of attitude control subsystem for 
future mini satellite development. Table 2.1 shows list of various CMGs flown in space to date 
and it shows that there are still lots of skepticism about the use of the CMGs in commercial 
small satellites.
CMGs have been used on some space stations like Skylab [1] [27], the Russian MIR [10] and 
the ISS [9]. The Skylab was developed to be an experimental space station that was equipped
Figure 2.5: SSTL B llSat SG C M G  [49]
1973 Bendix (Skylab) 3 DGCMG 160 2700 200
1976 Honeywell (KH- 
11/12)
4-6 SGCMG >150 >100 >30
1986 VNIIEM(MIR) 4-6 DGCMG N/A N/A N/A
1999 Honeywell (M50) SGCMG 85 2 5 - 7 5 28
1999 Pleiades (Astrium) SGCMG 45 15 15.7
2001 L-3 (ISS) 4 DGCMG 258 4760 272
2002 SSC/ SSTL SGCMG 0.05 0.28 2
2007 W orldview -1 SGCMG 85 2 5 - 7 5 28
2009 Worldview- 2 SGCMG 85 2 5 - 7 5 28
Table 2.1: CM G s U sed in Space M issions to  D a te [64] [50]
with a cluster of three units of orthogonally-mounted DGGMG; each with a capacity to store 
momentum of 2700 Nms used for attitude disturbance torques rejection [1]. The MIR had a 
cluster of six SGCMGs with only four used at a time.
The ISS jointly operated by the Russians and the United State (US) as shown in Figure
2.6 has a cluster of four DGCMGs in a boxed configuration shown in Figure 2.7 built by L3 
Communications. A unit of the DGGMG is 1.143 m wide, 1.219 m high, and the length is 1.346 
m. While the fiywheel that is made of stainless steel has a mass of 99 kg that spins at a speed of 
6600 RPM that generates angular momentum of about 4800 Nms. The ISS CMGs are mounted 
on the Z1 truss that is an exterior framework that houses the gyroscopes and communications
equipment that temporarily served as a mounting platform for large solar arrays that provides 
power to ISS before the final assemble of the main US power source. One of the ISS CMGs failed 
in 2002 as a result of bearing failure, leaving the space station with two CMGs and a redundant 
unit that was shut down due to circuit breaker failure in 2004, and was subsequently restored
Figure 2.6: International Space Station (ISS) [59]
back to operation but failed again in March 2005 [33]. During one of the space walks, power was 
successfully rerouted to the failed CMG and restored back to operation. All the CMGs onboard 
the ISS are currently operational.
Honeywell is the world’s largest supplier of CMGs used in several commercial satellites
Figure 2.7: DGCM G M ounted on the ISS [9]
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for Low Earth Orbit (LEO), Medium Earth Orbit (MEO), and Geostationary Earth Orbit 
(GEO) missions. Honeywell has developed the latest M50-CMG, an economically viable CMG for 
worldwide scientific and commercial markets providing higher output torque for attitude control 
systems. Worldview-1 satellite of mass 2290 kg and Worldview-2 satellite of mass 2615 kg shown 
in Figure 2.8(a) and (b) were launched in 2007 and 2009 respectively for Earth observation had 
Honeywell built M50-CMG shown in Figure 2.8(c) as the primary actuators. The use of the 
ACS components onboard the DigitalGlobes constellation satellites [5] were able to guarantee 
fast retargeting capabilities and agility for high resolution of 0.46 m panchromatic, 1.85 m 
multispectral payloads on the Worldview-2 satellite.
Astrium also recently developed two compact CMGs based on the Teldix RW, the CMG
I
IH'OHLD
m2
Figure 2.8: (a) W orldview-1 Satellite, (b) A Typical Honeywell M 50-CM G, (c) 
Worldview-2 Satellite [5]
15-45S and the smaller one the CMG 4-6S suitable for mini-satellites (100 - 500) kg. The 15-45S 
CMG as shown in Figure 2.9(b) was designed for the French Pleiades satellites shown in Figure 
2.9(a). Pliades-IA satellite was launched on 16 December 2011 from the European Spaceport in 
Kourou by a Soyuz-Fregat rocket while the Pliades-2  was successfully launched on December 2 , 
2012 aboard a Soyuz launcher from the European Space Centre in French Guiana. Each type of 
the satellite has a mass of 1000 kg with a 0.5 m colour, orthorectified imagery resolution.
Similar to DGCMGs, the SGCMGS have also found use in some satellites. Andrews Space [2] 
also has a record of developing various types of CMGs for small and large satellites with the 
small one capable of an output torque of 20.75 Nm while the large one is capable of an output 
torque of up to 677 Nm.
1 1
(a) (b)
Figure 2.9: (a) Astrium Pleiades Satellite, (b) Astrium CMG 15-45S[91]
One of the latest researches concerning CMGs is the work by Stevenson and Schaub [78] 
[79] that developed a mathematical model for the operation of a double-gimbal variable speed 
CMG (DGVSCMG) from control analysis concept. Schaub [78] first models the actuator in body 
frame (and actuator gimbal frames), then adds an angular acceleration term in their (Eq. 19) and 
angular velocity terms in (Eq. 9-15), before sending control torques to the satellite dynamical 
model. It is evident here that the dominant terms of this steering law span the entire vector space, 
except when 0 =  90 and the ip, Ü terms vanish. This is logical because at that configuration the 
two gimbal frames line up and the torques from the outer gimbal motor and the wheel motor are 
colinear. Also presumably because wheel speed and even tilt rates are larger than satellite body 
velocities. The results by Schaub [78] (in Fig. 4) shows that the velocity based steering law does 
a very successful job of tracking the desired attitude, as long as singularities where 6 approaches 
±90 are avoided.
2.3.1 M ath em atics o f  C M G s
Consider a rigid satellite with a cluster of N SGCMGs system used to produce internal torques 
represented in attached platform. The mutually orthogonal unit vectors of the ith  CMG are 
represented in Figure 2.10. where, g, defines the gimbal axis vector, is the spin axis vector
Gimbal Fram e
Body F ram e
Figure 2.10: Illustration o f a Satellite Body M ounted CMG System [95]
and ti is the torque vector defined as t  ^ =  x s^ . The wheel of the CMG can rotate about the 
gimbal axis g^  with a gimbal angle 'ji and also about the spin axis s* with angular speed fti. The 
unit vectors s% and t* depend on the gimbal angle 7 ,^ while the gimbal axis vector g^  is fixed in 
the body frame. The relationship between the derivatives of these unit vectors can be written as:
1 2
Si — jiU , ii = - jiSi, Qi = 0, where i =  For simplicity of purposes, the equations for the
CMG system is derived with the assumption that the gimbal rates 7 * are much smaller than the 
wheel speed 7 %, so that 7  ^ do not contribute to the total angular momentum of the system. Also 
the moments of inertia of the gimbal frame structure are also neglected [96].
The angular momentum vector of each wheel can be expressed as for i =  where hi
= Jîüifli, Jioi represents the moment of ineria of the ith  CMG wheel about the spin axis. The 
total angular momentum H  of the CMG system is the vector sum of the individual momenta of 
each wheel defined as:
N
=  ' ^ h i S i  (2 .2)
i=l
where 7  =  (7 1 , ...,77^)^ and Q =  (Hi, ...,0 ;^)^ G are column vectors whose elements are 
the gimbal angles and the wheel speed of the CGMs with respect to the gimbals respectively. 
The time derivative of H  in Equation (2.2) with respect to the body B-frame defines the torque 
vector H  (see Yoon [96] for full derivation) is shown as:
N  N
T  =  JT =  ^  hiti'ÿi +  ^ 2  SiJwi^i (2.3)
i=l %=1
2.3 .2  S ingu larity  in  C M G s
The major problem associated with the use of CMGs is the presence of singular gimbal angle or 
state for which the CMGs cannot generate any useful torque along an arbitrary direction. Though, 
all inertial actuators similar to CMGs in operation exhibit singularity at various locations, but 
the tilted wheel will only experience singularity at an impractical tilt angle tha t is not useful 
for torque generation especially when small slew manoeuvre is required. At each singular state, 
all admissible torque directions lie on a two-dimensional plane in a three-dimensional angular 
momentum space. Due to this, the CMG system cannot generate a torque normal to this surface.
Because of the fact that a CMG system changes only the direction and not the magnitude of
of the angular momentum vector of the wheel, there exists a maximum workspace for the total 
angular momentum of the CMG cluster. This workspace is the “angular momentum envelope” 
as shown in Figure 2.11.
Asghar [3] showed the case of four CMG pyramidal array, where the possible angular mo­
mentum vector combinations change from a surface in three dimensional space into a volume. 
The interior and the exterior surfaces of the volume, where the CMG array reaches minimum or 
maximum total angular momentum in the specified direction were considered. In the case where 
each angular momentum vector is added together to provide the maximum angular momentum 
in the specified direction is shown in Figure 2.11(a). The interior momentum envelope for the 
four CMGs pyramidal array shown in Figure 2.11(b), represents the internal singularity surfaces 
where one or more of the CMGs angular momentum is used to negate the others.
The total angle for which the total angular momentum reaches both internal and external 
envelope are obviously singular since the CMGs cannot generate a torque outward the defined
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(a) Exterior Momentum Envelope
(b) Interior Momentum Envelope 
Figure 2.11: Angular M omentum Envelope for a Four CMG Pyramid System  [3]
workspace. Figure 2.12 shows the singular state vectors of a CMG system in a two dimensional 
representation. The singularity of the system represented is the gimbal state 7 s for which rank 
C(7 s) =  2. For simplicity and without loss of generality according to [96], it is assumed that hi 
=  1 for z =  1,...,A. Then the torque generated by the system can be represented as:
0 (7 ) 7  =  T (2.4)
where the generated torque is define 0 (7 ) 7  =  [ t i , ..., t^y]. The singularity of a CMG system can 
be defined as the gimbal state 7 s for which rank C(7 s) =  2 . At each singular state, all admissible 
torque directions lie on a two-dimensional surface in the three-dimensional angular momentum 
space. The singular direction vector u that is normal to the two-dimensional plane can thus be 
defined as:
u  ti — 0 (2.5)
where V — 1,...,N. Moreover, the tj is normal to by definition, so that t* is normal to the plane 
spanned by gj and u. Figure 2.12 shows that has a maximal or minimal projection onto the 
singular vector u, that is, the dot product u • is maximal or minimal as shown in Figure 2.12 
[96]. As a result, the CMG system cannot generate a torque normal to this surface. The number
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+ 1)
Figure 2 .1 2 : Vectors at Singular Gimbal S tate[96]
of singular states in assemblies of multiple CMGs are generally equal to 2 ” [96] where n  is the 
number of SG-CMGS, meaning that the number of singularities increases not just linearly but 
as a power function of the number of the CMGs. This is represented as holes in the four CMG 
pyramid configuration shown in Figure 2.11 [3].
The CMG singularities can be classified into two categories [96]:
1 . External or saturated singularities, in which the total angular momentum sum of the CMGs 
lies on the maximum momentum envelope, and
2 . Internal singularities, in which the total momentum lies inside this envelope. The external 
singularities can be easily anticipated from the given CMG configuration and mission 
profile, therefore they can be taken into account at the design step.
A properly designed momentum management scheme can also relieve the external singularity 
problem.
Margulies [52] was the first researcher to come up with the theory of singularity and con­
trol. His paper included geometric theory of a singular surface, a generalized solution of the 
output equation and null motion (this is a gimbal angle motion that does not affect the angular 
momentum workspace), and the possibility of singularity avoidance for a general single gimbal 
CMG system. Also, some problems of the gradient method were pointed out using an example 
of a two dimensional system.
Tokar in his works between 1978 and 1979 [82] [81] [80] [83] described the singular surface 
shape, the size of CMG workspace, the gimbal limits and introduced the passability of a singular
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surface. He showed that a pyramid type of CMG configuration has impassable surface inside its 
workspace. Further in his works, he made a submission that a system with no less than six units 
would provide an adequately sized workspace including no impassable surfaces. It was after his 
work that six units of the CMG was designed for the Russian MIR [10].
There are three broad methods employed in resolving the singularity issues during nominal 
operation of the CMGs [96]. The first category of approach consists of the so called “singularity 
robust (SR)” method, which produces a torque error when encountering singular states. The 
effect of the singularity steering methods on control performance is complex to analyse. But 
some steering logics like the one proposed by Wie [92] will avoid all singularities for a case of 
satellite re-orientation where precision tracking is not required in the course of the manoeuvre. 
The second approach used is called the local gradient methods that rely on null motion. If the 
CMG cluster has a redundant number of wheels (i.e., more than three) there exist null motion 
which does not affect the total angular momentum and also the output torque. The gradient 
methods search for a direction along which an objective function, containing information about 
the singularity increases locally and then applies a null motion along this direction. This method 
produces an output torque equal to the required torque. The fact still remains tha t there are 
singular states that cannot be avoided using null motion methods.
The third approach uses a global avoidance methods that include path planning, preferred 
gimbal angle, workspace restriction etc. The global methods anticipate the singular state and 
then steers the gimbal angles so that the CMG system does not encounter any singularities. Some 
of these methods need offline calculation while other do not fully utilize the angular momentum 
capacity of the CMG cluster.
Singularity avoidance has also been studied for all forms of CMG. This was a simple pro­
cess for DGCMG system [25],[46], [16], [47]. The study used a gradient method that maximized 
a certain objective functions by using redundancy [99]. Though this method was effective in the 
evaluation of DGCMG singularity, but not useful for SGCMG systems. For illustration purposes, 
Yoshikawa [98] showed that the optimisation of a redundant variable resulted in discontinuity or 
the optimised value witnessed singularity as described by Crenshaw [2 1 ] in the case of a roof type 
CMG (is a configuration that consists of N  CMGs where, N/ 2  gimbal axes are gi, g2 and g± ^  gg)-
Cornick, D.E., [18], used a six SGCMG cluster to show new two steering laws. Both cal­
culated the instantaneous location of singularity states. Then, the first law called the direct 
method used the null motion to avoid singularities. The second method called the indirect method 
used the null motion to drive the gimbal angle trajectories toward the saturation singularity thus 
avoiding internal singularities. Simulation results showed that the indirect steering law avoids 
singularities for torque commands that do not exceed the value of the wheel angular momentum. 
While the indirect method also avoids singularities, but it requires high computation that is not 
an optimum solution for on-board satellite use.
Nakamura [97] first proposed singularity robust (SR) inverse as a kinematic solution for sin­
gularities encountered with robot manipulators. This work described the fundamentals of the
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SR method and the computational complexity. Based on the work by Nakamura and others, 
Bedrossians et.al in their work [7], provided a thorough analysis on CMGs that included analysis 
of the singularity problem. A comparison of a 4-SGCMG system and a 3-link manipulator was 
made outlining the similarities in the type of singularities the two systems faced. This became the 
basis of introducing the inverse kinematic solution with null motion derived in [97]. A review of 
existing singularity avoidance is provided, laws based on the Moore Penrose pseudoinverse. And 
two new singularity avoidance steering laws were introduced with the first being the nondirect 
null motion algorithm that avoided elliptic-type of singularities. However, the method introduced 
a penalty of large torque errors.
Kurokawa [48] in his work on CMG singularity problems, did a geometric study of singu­
larity characteristics and steering motion of single gimbal Control Moment Gyros (CMGs) so 
as to clarify the singularity problems. He used a pyramid configuration of CMGs to show that 
no steering law can follow all command sequences inside a certain region of the CMG angular 
momentum space if the command is given in real time. Based on this result, he proposed a 
candidate steering law effective for rather small space and verified it not only analytically, but 
also using ground experiments which simulated attitude control in space.
Vadali, S., Oh., and Walker, S., [61] determined a family of initial (preferred) gimbal angles that 
avoid singularities. They do this by using back integration of the gyro torque equation from a 
desired final condition. A feedback control scheme based on null motion was also developed to 
position the gimbals at preferred angles.
Wie [89] and [92] modified the proposed steering logics by Nakamura [97] by introducing a 
simple minimum two norm pseudoinverse solution. The proposed singularities robust logic 
could not eliminate singularities but provided “deterministic dither signals” when the SGCMG 
system approached singularity. In solving the singularity problems associated with SGCMGs and 
VSCMGs, Schaub [70] used a weighted minimum norm inverse to determine the control vector 
which allows the VSCMG to operate like a conventional reaction wheel or CMG depending on 
the used control logics. Ford [29] proposed a new form of equation of motion for a spacecraft with 
SGCMG by including all gimbal inertial terms using a derivation by Vadali [61]. This control 
law used a singularity robust law that was based on Nakamura [97].
Wie [90] again proposed a new steering logic based on Wie [92] by using an additional weighting 
matrix in conjunction with the deterministic dither signal. This invention provided an amplified 
means of singularity avoidance that is normally encountered by most pseudoinverse based steering 
logic and it is used with a pyramid array of four SGCMGs, two and three parallel single gimbal 
configurations, and or four parallel DGSGMs similar to the one used in ISS. Oh and Vadali 
[61] formed the foundation for the derivation of equation of motion for a body with multiple 
CMGs. This work formed the basis for Kevin Ford [29] that proposed a new form of equation of 
motion for a satellite with SGCMGs by including all gimbal inertial terms. This proposed control 
law also used singularity avoidance law by Nakamura [97] where singular value decomposition 
(SVD) was used to propose a singular direction avoidance control (SDA) law. Lappas’ [50] work 
also took precedence from Busseuil’s [11] work that provided description of a mini CMG devel­
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oped in Alcatel that used magnetic bearing technology for attitude control accuracy improvement.
Pechev [63] in his work proposed a new control approach for solving the singularity avoid­
ance problem associated with CMGs based on the observation that the gimbal rates can be 
derived by minimising (in a feedback loop) the difference between the demanded torque and 
the control moment gyro output torque. Major issues with CMGs operation moved from the 
model design to control of the actuator for singularity avoidance. And that led to work done by 
many researchers as earlier mentioned. Ford [28] also proposed a gimballed momentum wheel 
concept that is used for attitude control of satellite with flexible appendages. Ford work that was 
mathematical model based paid attention to a class of manoeuvres wherein the magnitude of the 
momentum in the wheel cluster is held constant, resulting in a so-called “stationery platform 
manoeuvre”. this approach allows the platform angular velocity to be very small thereby reducing 
the excitation of the appendages.
Roser and Sghedoni [6 6 ] presented the historical aspect of CMGs by comparing them with 
reaction wheels along with an overview of existing steering laws. While Hieberg [37] in his work 
focused on the CMG interface loading to the spacecraft by deriving a different approach to the 
dynamic equations of a GMG based spacecraft.
Majority of steering laws for cluster of CMGs were based mostly on four CMGs cluster as 
they offer single CMG failure redundancy properties and provided efficient configuration for 
3-axis control. However, the recent analysis by Asghar, S., Palmer, P., and Roberts, M., [4] 
looked into an exact steering law for twin control moment gyro systems providing an exact 
steering law giving the fastest possible manoeuvre without experiencing singularity which is 
simpler and provides deeper insights into GMG steering problems.
In summary, CMGs steering laws strategies can be said to cope with problem of singular­
ity by CMGs over-design to exclude singularities from workspace which is wastage of resources. 
Also, the use of approximate singularity avoiding/ passing algorithms is at the expense of the 
control accuracy.
2.4 G yro W heel
A Gyrowheel is a rarely used type of inertial actuator that combines the actuating capabilities of 
the CMG with the rate sensing capabilities of a rate gyro. It has the capabilities of generating 
control torque in three axes while also sensing the satellite body rate in two axes. A prototype of 
the Gyro Wheel shown in Figure 2.13 was developed by the Bristol AeroSpace and flown onboard 
Canadian SciSat satellite (launched in 2003) for technology validation. The Gyro Wheel actuator 
generates control torque about the spin axis by varying the speed of the DC drive motor while 
torque about the other two axes are generated by tilting the spinning wheel through a magnetic 
levitation concept that used two pairs of electromagnet torque coils. When current is applied to 
the pair of coils, a magnetic force is generated that causes the rotor to tilt with respect to the 
attached drive shaft. Trevor [36] disclosed that Gyro Wheel can only achieve a gimbal angle of 
less than 7° which limits the torque capability of the actuator. Other associated issues with the
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Figure 2.13: A ssem bled G yroW heel P ro to ty p e  [84]: Used on experimentation SCISAT-1 
satellite.
use of the Gyro Wheel are highlighted in the section that discussed magnetic levitation concept.
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2.5 M agnetic L evitation  and Bearing Technology
Active magnetic bearing system has a rich literature base, but extensive investigation were 
undertaken in [38],[72] and the works referenced therein.
Henrikson et al [38] in 1974, wrote in one of his works about the use of active magnetic bearings 
(AMBs) in satellite momentum wheels. And various sources also mentioned the advantages of use 
of the magnetic bearings to include reduced friction through contact-less suspension, lubrication 
free operation, stiction free zero speed operation, which translates to effective operation over a 
long lifetime [68],[69].
Sindlinger [75] in 1977 described a commercial, tilting, magnetically-levitated momentum wheel 
that had reached the pre-qualification stage, the work showed how high output torque produced 
by gimballing the momentum wheel could be anywhere in the plane of the wheel. The output 
torque was more than sufficient to overcome any disturbance torques on the satellite and could 
slew the satellite at a rate of 2.5°/a. The range of tilt was ±10 mrad (±0.57°) achieved with an 
air gap width of about 0.7 mm. Modifications to the design to make it fully redundant against 
electronics or electromagnet failure were also discussed. The design used a controller built from 
analogue electrical components, but it was stated that future improvements in micro-computers 
would allow the controller to be built from a lighter digital processor in the future. The mass of 
the hardware and electronics was 12.6 kg and its steady state power consumption was 13 W.
Murakami et al [57] described a momentum wheel with an AMB that also had the ability 
to gimbal the wheel. The wheel was designed for a satellite that used roll-yaw exchange to remove 
the need for yaw sensing, which was considered difficult. The roll-yaw exchange was achieved 
by tilting the rotor by an angle whose amplitude was the angle between the spacecraft angular 
momentum vector and the orbital normal. This angle was limited by the gimbal range of the 
wheel, which was stated as being small. The wheel’s gimbal capability was also used to counteract 
any wheel nutation. The levitation of the rotor was actively controlled in the axial direction and
Figure 2.14: 3D M agnetically Levitated M omentum W heel [72]
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passively in the radial direction. The wheel had a mass of 5.5 kg, a radius of 300 mm, an an­
gular momentum storage capability of 70 Nms and was designed for large communication satellites.
Roland [67] discussed in 1991 the AMB reaction wheels that had been flown on the French SPOT 
1, 2 and 3 satellites, each with a mass of 1800 kg. The very low levels of microvibration and the 
independence of drag torques from temperature variations allowed these satellites to generate 
very sharp images. Roland then discussed the improvements that were made to the wheel design 
for the larger SPOT 4 satellite. He described in detail the sources of microvibration in an AMB 
based reaction wheel and methods that can be used to reduce these microvibrations.
Jon Sedon [72] built a representative 3D magnetically levitated momentum wheel shown in 
Figure 2.14 that was able to produce a tilt angle of about ±2.9° tested in the laboratory. And 
this performance has a factor of three greater than other similar designs.
W ittman and Mark [100] in their patent described a tilting momentum wheel made from 
mechanical bearing system. The momentum wheel has a mounting mechanism that allows the 
rotational axis of an attached momentum wheel to be tilted so as to generate torques in the axes 
orthogonal to the wheel spin axis. This invention moved from using the conventional CMGs 
to use of electrically controlled linear actuators mounted and evenly circumferentially spaced 
around the periphery of the momentum wheel with their axes parallel to the spin axis of the 
wheel when the spin axis is oriented so as to be orthogonal relative to the satellite orbit frame. 
This design also used other mechanical elements like spherical pivots that act like hinge points 
at the vehicle interface with the momentum wheel mounting system. By simple extension and 
retraction of any two of the electrically controlled linear motors, the momentum wheel can be 
tilted to any axis in the satellite X and Y plane axes. Other tilt mechanism like jackscrew can 
be used to replace the linear motors similar to what Douglas et al. [8 ] used in their invention of 
a tilt momentum wheel platform steering system for controlling the two-axis rate and position, 
and the linear elevation, of a momentum wheel platform supported by three linear actuators 
(jackscrews) driven by separate stepper motors. By using the momentum wheel platform steering 
system to tilt the momentum wheel, a control torque is produced in the plane orthogonal to the 
nominal wheel spin axis. This invention was adapted for use as the primary attitude control 
system for the AUSSAT B, GALAXY, ASTRA, and MSAT satellites. The use of two momentum 
wheels and two tilt mechanisms was also proposed by Smay in [76] with the spin axis of both 
wheels co-aligned about a fixed axis relative to one of the satellite axes. This invention uses either 
momentum bias steering or large angle zero-momentum steering for attitude control operation.
All this types of momentum wheel tilt mechanism suffer from a number of disadvantages, 
including the fact that the wheel cannot be properly positioned in the event that either of the 
linear actuators malfunctions. This will eventually render the entire momentum wheel system 
inoperable.
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2.6 Thruster
Thrusters are control devices that generate torques about the centre of mass of the satellite 
by expulsion of mass. The thrust generated are used for satellite launcher injection correction, 
station keeping and acquisition, orbit height maintenance and de-orbit manoeuvres [77]. A 
typical SSTL thruster used in orbit for their satellite orbit maintenance tasks is shown in Figure 
2.15. Inertial actuators like the RW are used with the thrusters during orbit correction for thrust 
vector alignment.
Figure 2.15: SSTL Thruster; (a) Gas Propulsion System , (b) Butane Propulsion  
System  [77]
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2.7 M agnetic Torque R od (Trod)
The magnetic torque rods are essentially electromagnets, mounted on the spacecraft’s frame, 
that interacts with the E arth’s magnetic field to generate a controlled force, or torque, on the 
spacecraft, thus changing its orientation. A typical SSTL torque rod shown in Figure 2.16 is 
used onboard the NigeriaSat-2 satellite [77]. Each of the three torque rods is 378 mm x 74 
mm X 49 mm in dimension and is made of iron and wound with thin copper wire to form an 
electromagnet with a total mass of 1.8 kg and at maximum power of 1 W, it generates at least
Figure 2.16: SSTL Magnetorquers: (a) M TR-10, (b) M TR-30 [77]
30 Am^. For redundancy, each rod is actually wound with two long strands of wire, and each 
coil is powered separately. The controlled torque generated by the magnetic rods can efficiently 
be used to manage the angular momentum of most inertial actuators in the area of spinning 
wheel desaturation. The torque rods find important use during the launch early operational 
phase (LEOF) and commissioning phase of the SSTL satellites in orbit. The Trods are used for 
detumbling of satellites especially immediately after ejection from the launchers. It is a very cost 
effective way of initial recovery and stabilisation of the satellite during the early stage in the 
orbit.
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2.8 E lectric M otor
This section describes some of the available type of motors used in mechatronics to generate 
either rotary or translational motions. But our main focus will be on the use of rotary type 
of motors to generate rotational motion required to support the proposed type of inertial actuator.
The operation of inertial actuators requires a system that drives the flywheel that generates the 
angular momentum, and this could be either a brushed DC motor or brushless DC motor that 
are used to spin the momentum or reaction wheel or are combined with gear head to gimbal the 
angular momentum of the system, and the other type of motor is the stepper motor that is used 
to gimbal the momentum or reaction wheel about an axis that is perpendicular to the wheel spin 
axis.
2.8.1 B rush less D C  (B L D C ) M otor
Brushless motors are the most commonly used to drive reaction and momentum wheels. It also 
finds use in generating rotary motion in industrial application. This brushless DC motor is an 
electromagnetic machine that uses no carbon brushes in its design to give long lifetime, high 
reliability, high efficiency, and high speed operation with a capability of achieving a high speed 
from standstill. The motor can equally be operated in vacuum and harsh environment which 
makes it a possible option for space missions. In this design, a Maxon motor EC 45 flat 042.9
Figure 2.17: Typical M axon M otor Flat Brushless DC M otors [56]
mm, brushless, 30 Watt, with Hall sensors [56] will be used and operated at an initial speed of 
5500 RPM with the flywheel attached, though this particular motor has a no-load speed capacity 
of 4380 RPM at 12 V power supply. Further details about the BLDC motor used in the design 
are stated in Chapter 6 .
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2.8 .2  S tep p er M otor
The stepper motor is responsible for rotating an attached platform or load. It is made up of 
shaft that has permanent magnets attached to it. There are series of coils that generate magnetic 
forces that interact with the permanent magnets when the coils are energized by been turned on 
and off. When the coils are turned on and off, the magnetic field generated causes the rotor to
Figure 2.18: Typical Nem a Stepper M otor [62]
rotate forward or reverse depending on the sequence of turn on and off. If only a coil is powered, 
the rotor will jump there and resist change. This capability to stay put at one position results 
to what is called holding torque capability of the stepper motor that makes it different from 
brushless DC motor. The stepper motor can combined with gear heads for increased or reduced 
gimbal rate.
2.8 .3  Linear M otor
A linear motor is quite different from the rotary motor like the brushless dc motor or the stepper 
motor due to the fact that it has its stator and rotor “unrolled” so that instead of producing a 
torque (rotation) it produces a linear force along its length. The most common mode of operation 
is as a Lorentz-type actuator, in which the applied force is linearly proportional to the current 
and the magnetic field. A typical type of linear motor is shown in Figure [26]. The history of 
linear electric motors can be traced back at least as far as the 1840 s, to the work of Charles 
Wheatstone at King’s College in London [87], but Wheatstone’s model was too inefhcient to be 
practical. A feasible linear induction motor is described in the U.S. Patent [101], for driving 
trains or lifts. One of the major uses of linear motor is for propelling the shuttle in looms. It has 
found further use in domestic applications like sliding doors and also to create rotary motion. The 
linear motor can be combined in the scissors mechanism for a possible rotary motion generation 
for heavy duty industrial use as discussed in Section 6.2.1.
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Figure 2.19: Typical Linear M otor [26]
2.9 Satellite A ttitu d e Sensors
Satellite attitude sensors provide attitude measurements in order to determine the vehicle’s 
attitude with respect to some defined reference frame [73]. The references used could be the 
direction to the Sun, the Earth’s Infra Red (IR) horizon, the local magnetic field direction, or 
the stars.
IMU Gyro Drift: 0.003°/hr -  
l°/hr
3 - 2 5 10 -  200
Horizon Sensor 0 .0 5 ° - 1 ° 2 - 5 0 . 3 - 1 0
Magnetometer 0 .5 ° - 3 ° 0 .1 5 - 1 .2 < 1
Star Sensor 0 .0 0 0 3 ° -0 .1 ° 0 . 5 - 7 4 - 2 0
Sun Sensor 0 .0 0 1 ° -3 ° 0 . 5 - 2 0 - 3
Table 2 .2 : Satellite A ttitude M easurement Sensors[31][51][50]
The measurement by the attitude sensors are measured as body-centred angular directions of a 
vector within the body frame. Each vector measurement provides two parameters out of three 
(roll, pitch and yaw) required for attitude knowledge and at least two independent references 
are required to obtain full attitude knowledge of a spacecraft. Table 2.2 shows the major types 
of attitude sensor use on satellites. A number of these sensors are required to determine the 
attitude, attitude rates and position of a satellite in orbit. The sensors need to provide accurate 
feedback to the onboard attitude controller of the satellite. Apart from the referenced sensors.
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there are some that are inertial sensors which provide continuous attitude readings but due to 
errors require the reference sensors for calibration correction. Figure 2.20 shows some types of 
the reference sensors used on satellite missions.
Figure 2.20: SSTL: (a) Sun Sensor, (b) Inertial Sensor (M IRaS-01), (c) 3-Axis Flux- 
gate M agnetom eter, (d) Alt air H B +  Star Tracker [77]
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2.10 D igital Encoder
A digital optical encoder is a device that converts motion into a sequence of digital pulses. 
By counting a single bit or by decoding a set of bits, the pulses can be converted to relative 
or absolute position measurements. Encoders have both linear and rotary configurations, but 
the most common type is rotary. The rotary encoders are manufactured in two basic forms: 
(a) The absolute encoder where a unique digital word corresponds to each rotational position 
of the shaft, and (b) the incremental encoder shown in Figure2.21(a), which produces digital 
pulses as the shaft rotates, allowing measurement of relative position of shaft. Most rotary 
encoders are composed of a glass or plastic code disk with a photographically deposited radial 
pattern organised in tracks. As radial lines in each track interrupt the beam between a photo 
emitter-detector pair, digital pulses are produced.
The incremental encoder, sometimes called a relative encoder, is simpler in design than
B □
INDEX □
INDEX
(a) (b)
Figure 2.21: (a) A Typical E ncoder and  th e  C ode W heel, (b) Increm en ta l E ncoder 
Pulses P a tte rn  [6 ]: Showing how the codewheel is connected to the encoder; the generated 
signal pulses that are used to determine the rotation and rotation rate of attached shaft.
the absolute encoder and it has found use in some space satellite like the SGCMG on Bilsat-1 
[50]. It consists of two tracks and two sensors whose outputs are called channels A and B. As the 
shaft rotates, pulse trains occur on these channels at a frequency proportional to the shaft speed, 
and the phase relationship between the signals yields the direction of rotation. The code disk 
pattern and output signals A and B are as shown in Figure 2.21(b). By counting the number of 
pulses or by timing the pulse width using a clock signal and knowing the resolution of the disk, 
the angular motion can be measured. The A and B channels are used to determine the direction 
of rotation by assessing which channels “leads” the other. The signals from the two channels are 
a quarter of a cycle out of phase with each other and are known as quadrature signals. Often a 
third output channel, called INDEX, yields one pulse per revolution, which is useful in counting 
full revolutions. It is also useful as a reference to define a home base or zero position.
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2.11 Air Bearing Table (A B T ) Technology
Unlike the contact roller bearings, air bearings utilise a thin film of pressurized air to provide a 
“zero friction” load bearing interface between surfaces that would otherwise be in contact with 
each other. Being non-contact, air bearings avoid the traditional bearing-related problems of 
friction, wear, and lubricant handling, and offer distinct advantage in precision positioning and 
high speed applications. The fluid film of the bearing is achieved by supplying a flow of air
Figure 2.22: SRA 250 Spherical Air Bearing[71]: Showing (a) CAD X-ray view of the 
bearing and (b) Bearing cup, the bearing and the bearing adapter plate.
through the bearing face and into the bearing gap. This is typically achieved through an orifice 
or a porous media that restricts or limits the flow of air into a gap. The restriction is designed 
such that, although the air is constantly escaping from the bearing gap, the flow of pressurized 
air through the restriction is sufficient to match the flow through the gap. It is the restric­
tion through the gap that maintains the pressure under the bearing and support the working load.
The ABT has found use in the experimental testing and calibration of attitude control system 
components like the control actuators, attitude sensors and attitude control algorithms. Some of 
the benefits of ABT that makes it useful in space components testing are itemised as follows: [65]:
• Zero Friction: Because of zero static friction, good resolution and very high repeatability 
are possible.
• Zero Wear: Non-contact of the bearing means virtually zero wear resulting in consistent 
machine performance and low particle generation.
• Straighter motion: Rolling element bearings are directly influenced by surface finish and 
irregularities on the guide; being non-contact, air bearings average these errors.
• Silent and Smooth Operation: Recirculating rollers or balls create noise and vibration as 
hard elements become loaded and unloaded and change direction in return tubes. Air 
bearings usually have silent and smooth operation.
• Higher Damping: Being fluid film bearings, air bearings have a squeeze film damping effect 
resulting in higher dynamic stiffness and better controllability.
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• Eliminates Oil: Air bearings do not use oil lubrication, eliminating the problems associated 
with oil. In dusty environments (dry machining), air bearings are self-cleaning because 
positive air pressure pushes dust away.
• High Speed: No balls or rollers to slip at high acceleration.
2.12 C onclusion
It is evident from this literature review of the state of the art that owners of space satellites and 
other space agencies want to optimise the performance and efficiency of their platforms while 
at the same time minimise the mass and cost for each mission. Several options available for 
the control of these space platforms further indicate the importance and criticality of the ACS 
to space missions. The need to cut mass and cost of design of ACS necessitates the proposal 
of a new actuator that will reduce the number of unit of actuators used in attitude control 
and stabilisation of a space platform. This latest development will considerably enhance the 
performance of inertial actuator by ehminating the performance constraints like singularities 
inherent in the existing actuators like CMCs.
As been discussed in this chapter, various types of available control actuators used for a t­
titude control and stabilisation of a rigid satellite have been discussed and this underscores the 
importance of these actuators since they accounted for between 5 - 10% of the total mass of the 
satellite [50]. Any attitude control system design must be conscious of mass, power and size that 
will directly affect total mass and cost of a typical satellite for any mission.
It can be seen tha t several works have been done in area of torque generation using iner­
tial actuators by changing the angular momentum vector axis of a spinning wheel. All existing 
actuators proved to add more weight and power requirement to a satellite design. But the 
proposed inertial actuator will focus on the use of one spinning wheel and tilt mechanisms to 
generate torque in all three axes of a rigid satellite. This new development will be different 
from all existing inertial actuators because of its uniqueness in torque generation with less mass, 
volume, power requirement, better efficiency, reliability and simplicity. All these p rameters 
will be the driving factors in the design, build and integration of the hardware. A prototype 
will be built using commercial-of-the-shelf (COTS) technology to demonstrate the feasibility of 
the design concept that will in the near future be used for three-axis attitude control of a rigid 
satellite.
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Chapter 3
ACS Requirement Definition
3.1 Satellite D efined M ission R equirem ent
Design and manufacture of satellite attitude control actuators requires a well defined mission 
requirement that is used as the baseline for sizing the actuator tha t will support the satellite 
mission objectives. A conceptualised mission requirement is defined in the next section to form 
the baseline for determining the performance parameters for our newly proposed actuator. In 
this study, a mission requirement is defined for a small satellite attitude control using a COTS 
built inertial actuator.
An Earth observation satellite with an optical payload capable of imaging a particular point 
of interest on Earth twice within an orbit along its track forms the mission requirement. This 
will be achieved by pitch manoeuvre based on predetermined areas of interest along the satellite 
track. Some of the satellite orbit major informations used for this analysis are defined in Table 
(3.1).
Altitude 700 km
Semi-major Axis 7078 km
Inclination 98.4 0
Mass 90 kg
Orbital Period 5880 s
Table 3.1: Sate llite  O rb it P aram eters : This defined the LEO satellite mission.
3.1.1 L ongitud inal S tereoscop ic Im aging
The stereoscopic imaging objective requires the satellite to perform a forward motion compen­
sation manoeuvre. The manoeuvre consists of the satellite pitching forward at a commanded 
angle of 30° from the nadir vector [0° 0° 0°] to image a point of interest on the ground (based 
on the pixel size and the resolution of the payload) before pitching back by 30° in the opposite
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direction to image same point of interest on ground as the satellite progresses along the orbit. 
During the backward slew, the satellite will actually pitch backwards at angle of 60° because it 
will first slew at an angle of 30° from the forward pitch to nadir [0° 0° 0°] and then pitch further 
backward at an angle of 30° to image the same point a second time. The stereoscopic imaging
S/c Orbit
Direction of 
Earth Rotatio
Figure 3.1: Stereo M ode Imaging
concept, as shown in Figure 3.1, shows the satellite in orbit imaging the required point of interest 
as it flies over in one pass. The image taken can be processed to give a 3-dimensional view of the 
feature on ground that includes the height. The simplified imaging concept is also represented in 
geometry as shown in Figure 3.2 to allow for easy calculation of required angles. The satellite 
position and altitude is shown relative to Earth centre. The subtended angle at Earth centre
Satellite Orbit30")
Point of I n t ^
Earth Surbce
Earth Centre
Figure 3.2: Simplified Geometric Representation of Stereo Imaging: Showing the satellite 
track in orbit and the point of interest relative to the centre of Earth.
between the two imaging points A  and C can be calculated by first calculating angle A B D  that 
represents half of angle AB C  subtended by the Earth centre. Where distance A B  represents 
the satellite position from Earth centre, A B  represents the distance between satellite orbit and 
point of interest on Earth surface, while distance BD  represents Earth radius from centre of
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the Earth. Using the “Cosine Formula” , Angle A B D  is calculated as 3.14°. Then, the angle 
subtended between the two imaging points can be calculated as twice angle ABD , which is angle 
A B C  calculated as 6.28°.
If the satellite orbital rate is 7.5 km/s at 700 km altitude and using the satellite parameters 
in Table 3.1, the time (T) between the first imaging point and the second imaging point is 
calculated as 102.5 s. The actual time between those two imaging points A  and C, Earth 
rotation immediately after first imaging and just before the second imaging must be calculated 
and adequately compensated for. Considering Earth rotation of 360° in 23h 56m 4s (side-real 
time) [8 6 ], which translates to 86164 s, then the rotation rate is calculated as 0.00417°/s. Af­
ter first imaging point A, Earth would have moved a given angle eastward, and using Earth 
calculated rotation rate, time between the first imaging and the second imaging points. Earth 
angular displacement within this time is calculated as 0.43°. The total actual angle subtended 
at Earth centre between the two imaging points A  and C with Earth rotation duly compen­
sated for is 6.71° which translate to actual total time of 109.6 s between the two imaging positions.
After defining the satellite slew rate requirement to achieve the mission objective, the satellite 
orbital period is calculated to be 98 minutes from orbit information of 700 km altitude, and the 
orbital rate is calculated to be 0.0612°/s. The total time taken between the two imaging points 
is calculated to be 109.6s. From these information, the satellite required to slew through an 
angle 60° in 109.6 s, that will translate to a slew rate of 0.54°/s. This slew rate will be used as 
the baseline for sizing the actuator to support the satellite defined mission objective.
3 .1 .2  S lew  M anoeuvre R equirem ent
Apart from nominal disturbance torques rejection, the attitude control system is also responsible 
for providing active control about all three principal axes of a satellite in achieving its mission 
objective.
The satellite must be agile to perform the required stereoscopic imaging (taking images of 
the same point of interest on Earth at least twice in one orbit). Just as being described in Section 
3.1.1, the actuator must be able to orientate the satellite through an angle of 60° in 109 s of the 
time frame between the first imaging and the second imaging periods. Based on this requirement, 
an actuator must be designed to perform a slew manoeuvre of 5.4° in 10 s.
Satellite Mol [6.26 5.87 5.07] kgm^
Satellite Mass 90 kg
Defined Slew Rate 0.54 %
Table 3.2: S ate llite  P aram eters: The satellite parameter is adopted from the Nigeriasat-X 
satellite [34]
Torque generated by any actuator about an axis, is equal but opposite to the torque on the 
satellite body about same axis. This can be simplified and expressed as:
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(3.1)
where N^ jj is torque generated by the actuator, is the moment of inertia of the wheel, is 
the wheel speed, Jg represents the satellite moment of inertia, 6s is the angular acceleration of 
the satellite. If the slew requirement is to achieve 5.4° in 10s, then, acceleration phase of the 
system will take place in the first 5 s of the total time. The system angular position is defined as:
e  =  l ë f  (3.2)
Therefore, the satellite angular acceleration (6) is calculated using Equation (3.2) as:
9 = -^9 =  0.00377ra(i/s^
Using the satellite moment of inertial from Table 3.2, maximum torque about the satellite axis is 
calculated using maximum angular acceleration of 0.00377rad/s^ as:
Ns = Js9 = 6.26 X 0.00377 =  0.02367Vm (3.3)
The maximum torque required by the satellite in achieving the mission requirement will be used 
as a baseline for sizing the actuator in the next section. The maximum angular momentum of
System Torque and Angular Rate Profiles
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Figure 3.3: Torque, A ngular R a te  Profile B ased on M ission R equirem ent: Showing the 
maximum torque, maximum angular rate required to achieve the required slew manoeuvre.
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the satellite based on mission requirement can be calculated as
Hs = JgOs (3.4)
where Hg is the satellite angular momentum based on mission requirement. The satellite max­
imum angular rate is based on the defined mission requirement that is calculated as 0.01885 
rad/s. Using the satellite calculated maximum angular rate and moment of inertia of Table 3.2, 
the satellite maximum angular momentum base on the mission requirement is calculated as 0.118 
Nms. This is equally shown in the system plot profile of Figure 3.3.
Actuators have been designed and built in the past that can support the defined mission 
requirement of 0.0236 Nm maximum torque for small satellites, especially CMGs, but to achieve 
this torque in all three axes of a satellite, it will require a minimum of four SGCMGs [51] that 
translates to large mass and volume which will directly affect cost of design and build of a 
typical small satellite. Also, using large reaction wheels will require a minimum of three units of 
the wheel to achieve three axis attitude control and stabilisation. A typical satellite of about 
90 kg will require a reaction wheel of higher mass and capability than what is available on 
micro-satellite like NigeriaSat-X [34] tha t has three reaction wheels with a mass of 1.1 kg per 
wheel.
3.2 D isturbance Torques
In addition to the functions of attitude control system (ACS) described in Section 3.1, ACS will 
also be responsible for rejection of internal disturbance torques due to other subsystems and 
rejection of external disturbances torques like gravity gradient torques, magnetic torque, solar 
radiation torques and aerodynamic drag. The quantity of the external disturbance torques is a 
direct function of the satellite orbital altitude, size, mass and orbital velocity. The detail source 
of each type of external disturbance torques is described in the following sections.
3.2 .1  G ravity  G radient
The gravity gradient torque is generated due to different forces acting between the finite distances 
of opposing ends of a satellite according to Newtonian’s law of gravitation given by Wertz [8 6 ] as:
F  =  - ^ .  (3.5)
The model of Equation (3.5) is again defined as:
N g g = T J x x  T  j y y sin{2e) (3.6)2R3
where M, m  are the masses separated by a distance Re that represents satellite orbital distance,
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/i is the Earth’s gravitational constant given as (3.896 x 10^'^m^/s^), Re represents the satellite 
orbital altitude, Jxx, Jyy, Jzz are the satellite moment of inertia about X-axis, Y-axis and Z-axis 
respectively and 9 is the maximum deviation angle between the Z-axis and the local vertical 
(nadir vector).
The gravity gradient for a satellite with symmetrical axes is almost zero. But using the satellite 
information in Table 3.2, for a worst case of maximum angle of deviation of the z-axis from the 
nadir vector given as 45°, the gravity gradient torque generated is calculated to be 1.32 x 10“® 
Nm.
3.2 .2  M agn etic  Torque
A magnetic moment is produced by a satellite due to unavoidable metallic properties present in 
the satellite body that interacts with the Earth’s magnetic field to generate disturbance torques 
that impact on the satellite pointing. This magnetic disturbance torque can then be expressed 
as:
N m t = TTi X B  (3.7)
where rh is the residual magnetic moment vector and B  is the local geomagnetic field vector. 
The total magnetic field strength with the assumption that the Earth is an ideal dipole is [8 6 ]:
B = M R  ^ y /l + Ssi'nJX (3.8)
and here we used A to represent the magnetic latitude in radians, R  is the radial coordinate (km) 
and M  is the Earth magnetic dipole moment (M =  7.96 x 10^®Tm®) [51].
Figure 3.4: T he E a r th ’s M agnetosphere [94]
As stated by Wertz [8 6 ], the primary source of geomagnetic field disturbance is the Sun as shown 
in Figure 3.4. The Sum constantly emits neutral plasma called the solar wind that distorts the 
Earth’s field at high altitudes (8  to 10 Earth radii). Due to the plasma conductivity, it disallows
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Figure 3.5: The D istribution of Earth’s M agnetic Field [93]
the field from entering it and thereby compresses the field ahead of it until the plasma energy 
density equals the magnetic field energy density at a distance of 10 Earth radii. The plasma then 
breaks up at this point so that the charged particles are trapped in the magnetic field. Other 
particles slip around the field and drag the field lines along as they pass the Earth.
The magnetic moment in small satellite body depending on size can range from 0.1 — 2.0 
Am? [51], and for a small satellite platform like the NigeriaSat-X used in the design analysis, 
the body magnetic moment can be conservatively assumed to be 1.0 Am^. Using the satellite 
parameters in Table 3.2, the magnetic disturbance torque is calculated to be 4.5 x 10“  ^ Nm.
3.2 .3  Solar R ad ia tion
The disturbance torque due to the solar radiation is caused by the radiation emission from 
the Sun. This solar emission on impacting the surface of the satellite produces a force that is 
dependent on the distance from the Sun. Some of the factors that influence the solar radiation 
torque are the orientation of the satellite to the Sun, the satellite geometry, surface reflectivity
Surface Area
Incoming
Photons
Specularly
Reflected Photons
Figure 3.6: Solar Radiation Pressure Acting on an Ideal Flat Surface [43]
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and the location of centre of gravity of the satellite. Since hght carries momentum, when it is 
reflected at a surface there is always an exchange of momentum with the surface that gives rise 
to solar radiation pressure as illustrated in Figure 3.6
where n is a unit vector normal to the surface and S  is a unit vector pointing from the Sun to 
the satellite, the term F  is the solar radiation force acting on the surface while (j) is used to 
represent the angle of incidence
It is assumed tha t a fraction of the impinging photon is specularly reflected, a fraction is 
diffusely reflected, and a fraction is also absorbed by the surface. We therefore have [43]
P s +  P d  +  P a  —  ^ (3.9)
where,ps is the fraction of impinging photon specularly reflected, while pd and pa are photons 
diffusely reflected and absorbed respectively and they are both zero for perfect mirror [51]. 
Larson [51], gave a simplified mathematical model for calculating the amount of solar radiation 
torque that impacts the surface of a low earth orbit satellite as:
jy,p== c ,) (3.10)
where,
F  = (1 +  g) cos{i) (3.11)
and F  is the solar radiation force, Fs is the average solar constant (1358Wm“^), c is the speed 
of light (3.0 X  10^), Cps is the location of the centre of solar pressure, Cg is the centre of gravity, 
Cps - Cg is the distance between the centre of pressure and the centre of gravity of the satellite. 
The symbol As is the spacecraft’s surface projected towards the Sun while i is the Sun incidence 
angle (conservatively, i is assumed to be 0°), and q is the reflectance factor (assumed to be 0.5).
If the Cps - Cg is estimated to be 250 m m  [34], and the reflectivity q value is taken to be 
0.6 for a typical small satellite [86]. The cross sectional area of the satellite platform used is 
0.129 m? [34]. Using Equation (3.10), the torques generated by solar radiation is estimated to be 
2.33 X 10-7 Nm .
3 .2 .4  A erod yn am ic D rag
A satellite at altitude of about 2000 km and below experiences disturbance torques caused by 
aerodynamic drag. This disturbance torque is due largely to the satellite altitude and also the 
Sun’s solar cycle. The Sun is the source of the solar wind th a t’s made up of gases that streams 
past the Earth at a speed of more than 500 kms“ .^ A disturbance to the solar wind will results 
in the creation of ultraviolet light and x-ray, which heats up the Earth’s upper atmosphere. This 
effect can change the satellite orbit and thereby shorten the mission lifetime as it produces a 
considerable drag during orbit lifetime. When there is maximum solar fare every 10.7 years, solar 
activity increases and extreme ultraviolet radiation (EUV) heats the Earth’s gaseous envelope 
causing it to swell and reach further out into space than normal. This causes satellite orbit
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decay by increasing the atmospheric drag. The solar cycle has a huge effect on the thermosphere 
where the satellite drag takes place. The thermosphere temperature is around 700°C during the 
solar minimum period while during the solar maximum period, the thermosphere temperature is 
1500°C. These increased heating caused denser atmospheric layers from lower altitudes to be 
moved upwards and increasing the density of the thermosphere by a factor of up to 50 times, 
thereby increasing the atmospheric drag on the satellites.
The force due to the impact of atmospheric molecules on the satellite surface can be mod­
elled as an elastic impact without reflection [86]. The incident particle’s energy is generally 
completely absorbed. The particle escapes after reaching thermal equilibrium with the surface 
with a thermal velocity equal to that of the surface of the molecules. Because this velocity is 
substantially less than tha t of the incident molecules, the impact can me modelled as if the 
incident particles lose their entire energy on collision. The force dfAero acting of the satellite 
surface is represented as:
dÎAero =  ~ 2  (3.12)
And the atmospheric torque disturbance NAero = diAero-{Cpa — Cg) can then be represented as:
Nylero —  ~  2  {pCD^pV^) iC p a  ~  Cg) (3.13)
where p is the atmospheric density (kg/m^), Cd represents the drag coefficient, Ap is the satellite 
projected area (m^), V describes the satellite velocity (m/s), while Cpa is the location of the 
centre of aerodynamic pressure on the satellite and Cg is the centre of gravity.
The atmospheric density p is calculated as:
f  = (3.14)
where h  represents the specific altitude (km), po is the referenced density (kg/m^), h o  is the 
referenced altitude (km), and H  is the scale altitude (km).
The satellite orbital velocity is calculated as:
V = (315)
where p, is the gravitational parameter of the Earth and r  describes the satellite orbital radius.
Larson [51] defined the average atmospheric density for a 700 km orbit as 2.72 x 10“ ^^  kgm“ .^ 
Also, Wertz [86] gave the coefficient of drag estimate as (CD =  2.0), the cross sectional area of the 
satellite platform is 0.129 m^. Using Equation (3.13), the torque generated by the aerodynamic
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disturbance is calculated to be 4.87 x 10  ^ Nm.
The total external disturbance torque affecting a typical LEO micro satellite can be summarised 
as shown in Table 3.3.
Gravity Gradient 1.32 X 10 6
Magnetic 4.50 X 10%
Solar Radiation 2.33 X 10?
Aerodynamic 4.87 X 10*
Total 4.66X10-5
Table 3.3: Disturbance Torques Summary
It can be concluded that the dominant external disturbance torque affecting the pointing of a 
satellite in a low Earth orbit is the magnetic disturbance torque with the highest amount as 
shown in Table 3.3. All these perturbation will be added to system in the simulation to know 
how the proposed actuator will react while performing the required slew manoeuvres.
3.3 Internal D isturbance Torque
In addition to the external disturbances, satellites also do encounter internal disturbances due to 
operation of some of its components that can include:
• Actuators misalignment like thruster misalignment or reaction or momentum wheel me­
chanical misalignment.
• Moving components such as data recorders, pumps, stepper motors or mechanisms.
• Liquid sloshing from the propulsion tanks.
• Thermal gradients or sudden change in satellite temperature especially when coming out 
of eclipse.
• Dynamics, oscillatory resonances due to complex satellite structures, flexible appendages.
There are also some motor related disturbance effects like the dry viscous friction responsible 
for power consumption in wheel electronics especially at higher speeds, coulomb and stiction 
friction responsible for irregularities and finite attitude errors in the attitude control although 
this other effect becomes relatively insignificant at higher speeds, mass balancing, measurement 
noise. There is also the ripple effect of the wheel, the torque spectra noise of the wheel (higher 
frequency noise that appears at certain higher harmonic frequencies depending on number of 
poles of motors and number of phases (typically 3phases and 8 poles).
All these internal disturbance effects are assumed counteracted by the inner loop PID controllers 
in the system.
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3.4 Conclusion
In this chapter a conceptualised mission requirement for ACS was defined to form a baseline for 
the design and build of the proposed tilted wheel prototype. An agile satellite platform must be 
able to perform the required slew rate to achieve the mission objective, supported by the ACS. 
The proposed stereoscopic imaging concept will provide a 3-dimensional view of the features 
on ground in just one orbit. This can only be achievable by an agile satellite with high torque 
capability inertial actuator.
When the ACS is sized for a specific mission, the control designer is primarily concerned 
with the maximum slew rate and the minimum pointing accuracy based on the mission objectives. 
But, special care and consideration must be taken to give sufficient provision for the accommo­
dation of any external disturbance torques that will continue to perturb the orientation of the 
satellite while in orbit. Though the total sum of the quantified disturbance torques as shown in 
Table 3.3 is generally small to observe the effect during the time of an agile manoeuvre, but there 
is a need to counteract these disturbances to maintain controller accuracy objectives in steady 
state. As will be seen in Chapter 5, these disturbances will be counteracted by the inner loop 
controllers used in the system. The torque demand for a slew maneouvre will be far higher than 
the total disturbance torque witnessed by the satellite in orbit, so the need for the design and 
sizing of the proposed actuator based on the slew demand rather than the disturbance torque, 
but these will be added to the system to further show the performance of the actuator in the 
face of perturbations.
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Chapter 4
Tilted W heel D esign and M odelling
Not all spacecraft can be modelled as a rigid body. However many Earth imaging satellites, for 
which it would be beneficial to use inertial actuators, are small satellites which do not possess 
large booms or solar sails and do not have many internal moving parts or large fuel tanks 
containing liquid which sloshes about. Therefore the mathematical model of these satellites 
is described as rigid bodies in the first half of this chapter while in the second half, a novel 
mathematical model for the proposed tilted wheel dynamics is developed and presented. The 
tilted wheel mathematical model will be used as torque generator to control the attitude of the 
rigid body satellite model. To address the power, mass, volume or singularity constraints of using 
conventional assemblies of momentum exchange devices, a new actuator concept is proposed for 
a 3 DOF attitude control of a rigid satellite.
4.1 Proposed  A ctuator
The proposed actuator is introduced with the mechanical axes representation as shown in Figure 
4.1. The tilted wheel actuator consists of a spinning wheel and a two axes tilt mechanism to gen­
erate torques in all three axes of a rigid satellite. Unlike the mathematical model of DGVSCMG 
described by Schaub [79], the formulated tilted wheel model prototype has spinning wheel that 
is mounted on a flat plate which also allows a conventional reaction wheel or momentum wheel 
to be mounted. Additionally, the proposed tilt mechanism uses rotary motors, which constituted 
a mechanically simple and cost effective solution, with the advantage of being feasible by other 
methods, including linear motors with a scissor mechanisms. Further advantages include less 
mass, volume, and simplicity compared to similar inertial actuators.
The tilted wheel allows full three-axis control of a rigid satellite, simpler in design and it 
is a GOTS based solution to the GMGs system. Gareful formulation of the equations of motion 
for the proposed actuator allows the model to be practically singularity-free, a key practical 
advantage compared to other gyroscopic actuators. This is the case because singularities are 
confined to tilt angles of ±90° that would fall largely beyond the operating range of the actuator. 
This concept allows for 3 DoF torque generation by varying the speed about the wheel’s spin 
axis and by creating a gyroscopic torque about the spinning wheel plane axes as summarised in 
Table 4.1.
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Wheel spin axis A
Spinning Wheel
Attached to 
Wheel spin axis
Attached to external 
body frame
Figure 4.1: Tilted W heel Mechanical Axis: Showing the axes and the factors responsible 
for manoeuvre about each axis.
The total disturbance torques and the slew rate computed in Sections 3.1 and 3.2 respec-
Roll Changing p i p
Pitch Changing
Yaw Changing Ô
Table 4.1: Three-Axis Torque Generation Parameters: Summarises the control command 
principally responsible for attitude control about each axis.
tively will form the baseline used in determining the operational parameters of the tilted wheel. 
The ABT ground demonstrator shown in Figure 4.2 will be used to replace the satellite model 
for the tilted wheel mathematical modelling. This will allow the satellite to have any orientation 
with respect to the orbital plane if the tilted wheel is used.
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Figure 4.2: Air-Bearing Table and Tilted W heel Axes Definition: Showing the ABT 
ground demonstrator used in place of a satellite to model the Tilted wheel.
4.2 R igid Satellite M odel
Attitude and attitude rate representations of the satellite that necessitate the use of an actuator 
are described in this section. Also discussed is the effect of both internal and external torques on 
the satellite body angular velocity.
4.2 .1  A ttitu d e  R ep resen ta tion
The satellite attitude is represented using both quaternions (also called Euler parameters) and 
Euler angles in this report. The Euler parameter representation is useful for satellite attitude 
on-board computation due to non-singularity parameterisation and linear kinematic differential
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equations with known angular velocities. Before deriving the quaternion parameters, we will first 
talk about the Euler angles parameterisation which gives a more visible representation of the 
satellite orientation in terms of roll, pitch and yaw angles [0, 6, ip].
1
Figure 4.3: D efinition  of th e  O rien ta tion  of a  S ate llite  A xes u,v,w  in  th e  R eference 
F ram e 1 , 2 , 3  [73]
The transformation matrix called direction cosine matrix (DCM), or simply attitude matrix, 
with the local orbit coordinate referred to as attitude reference coordinate, can be computed 
based on the rotational sequence adopted. Prom Figure 4.3, a rotation matrix [R] is defined as 
follows [73]:
Ul U2 Us
[R] = VI V2 Vs (4.1)
_ Wi W2 Ws .
where in this matrix, ui, U2 , us are the components of the unit vector u  along the three axes 1,2, 
3 of the reference orthogonal system, while v and w have components vi, %, % and wi, W2 , ws 
respectively along the same reference axes. There are 12 different types of Euler angle rotation 
sequences [73], Euler 2-1-3 (pitch-roll-yaw) rotation sequence will be used for the representation 
of the satellite attitude.
The rotation matrix of Equation (4.1) is used to define the rotation from the local orbit 
frame to the satellite body frame represented in Euler angles as described in Equation (4.2) [44]. 
This equation will be required since control analysis will be done in the satellite body frame 
independent of the orbit frame:
cosip sinip 0 ■ ■ 1 0 0 cos9 0 —sin9
R(0(fy^ ) — Rxp'R^'Rd — —sinip cosip 0 0 COS(p sin(p 0 1 0
0 0 1 _ 0 —sin(p COS(p sin9 0 cos9
(4.2)
Resolution of Equation (4.2) gives:
R
cos'ipcos9 +  sin'ipsin(j)sin6 sin'ipcos^ 
—sin'ipcosO 4- cos'^sin(j)sin9 cos'ipcoscf) 
cos(j)sin9 —sin(/)
-cosipsin9 -f sinipsin4>cos9 
sinipsin9 4- cos'ipsin^cos9 
cos(f)cos9
(4.3)
The satellite attitude can equally be represented using the quaternion. The translation from any
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orientation to other can be described by a single rotation about a given axis through a given 
angle the unit length version of this axis is known as the eigenaxis (or Euler axis) (ei, 6 2 , eg). 
The quaternion elements can therefore be defined in terms of the principal eigenvector e as [73]:
(4.4)
91 eisin{(p/2)
92 e2sin{ipj2)
93 e3sin{(p/2)
. 4^ _ cos{cpj2)
This clearly shows that the quaternion has the property,
+  929 +  93 +  94 — 1 (4.5)
The quaternion version of the direction cosine matrix (DCM) of Equation (4.3) can be represented 
as [73]:
R {q )  = (94 -  Q^q) I  +  (4.6)
where q = [qi Q2 93]^, and the skew matrix is defined as:
=
0 93 - 9 2
- 9 3 0 91
92 - 9 1 0
(4.7)
Expansion of Equation (4.6) gives the rotation matrix Rg in quaternion form tha t rotates the 
inertia frame to the body frame:
R { q )  =
9i ~  92 “  9s +  94 
2 (9 1 9 2  -  9394) 
2(9 1 9 3  +  9294)
2 (9 1 9 2  +  9394) 
9i +  92 ~  93 +  ' 
2(9 1 9 4  -  9293)
2 (9 1 9 3  -  9294) 
2 (9 2 9 3  -  9194)
9i -  92 +  93 +  94 .
(4.8)
A satellite attitude that is given in Euler angles can easily be expressed in terms of quaternions 
by using Equations (4.6) and (4.8) and considering the rotation sequence assumed from the 
orbital frame to satellite body frame. The satellite attitude represented by quaternions is useful 
for onboard computation, while Euler angles can easily be visualised when describing satellite 
attitude or pointing. The equations also easily allow us to convert from one form of representation 
to another.
4 .2 .2  A ttitu d e  Error R ep resen tation
Satellite attitude error is the difference between the desired attitude and the actual attitude 
computed to form part of the input into the attitude controller that generates control command 
for the control of the satellite attitude. For a quaternion attitude representation, we cannot 
get the attitude error by direct subtraction of the desired attitude from the measured attitude 
because the result will not be a valid rotation matrix. Instead, the attitude error is described by
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the following equation [89]:
(4.9)
where the desired attitude quaternion vector q^. is defined as [%i, %3 , 9d4], and A(g^) is
the desired attitude skew matrix defined as:
=
Equation (4.9) can then be written as:
QdA QdS -Q d 2 - Q d l
— Qd3 QdA Qdl - Q d 2
Qd2 - Q d l QdA —QdZ
Qdl Qd2 Qd3 QdA
(4.10)
Qel
Qe2
Qe3
QeA
QdA QdS ~ Q d 2  — Qdl
— Qd3 QdA Q dl — Qd2
Qd2 —Qdl QdA — Qd3
Qdl Qd2 Qd3 QdA
4.2 .3  A ttitu d e  K inem atics M od el
[3]:
Qi
Q2 (4.11)
Q3
. 4^ _
in quaternion can be written as
^ 91 ^  ^ 0 CJg —W2 ^  ^ 91 ^
92 —Wg 0 Wi U)2 92
93 UJ2 —UJi 0 Wg 93
V 94 J ^ —UJl —CÜ2 —Wg 0 j \ Q a )
(4.12)
which can equally be expressed in the vector form as:
QA = ~ Ÿ ^  q (4.13)
where q =  [gi q2 Qs]  ^ defines the vector part of the quaternion and q^  is the scalar part. The 
kinematic model relates the angular velocity vector of the satellite (wg) to the attitude rate (q) 
of the system.
The kinematic differential equation can equally be represented using the Euler angles as [86]:
(4.14)
f  ^  \   ^ (  sinip cosip 0 \  f  LJi \
cosQ cosO cosip —cosO sinip 0 W2
\  ip /  \  sinOsinip sinOcosip cos9 /  \  wg /
Also, the first-order differential equation shown in Equation (4.14) that states time evolution 
of the satellite attitude representation called the kinematics differential equations expressed in
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Euler angles by Equation (4.15) which describes the satellite attitude can be represented in terms 
of the attitude rate [73] where [(p 6 ip] are the roll, pitch and yaw respectively, and for simplicity, 
Wg = \pqr] are used to represent the respective body attitude rates. Note that the inertial frame 
is used for simplicity as opposed to the local orbit frame (LVLH).
^  = p + [qsin(p +  rcoscp] tanO
0 = qcos(p — rsincp (4.15)
Ip = [qsin^ +  rcoscp] sec9
4 .2 .4  S a te llite  D ynam ics M od el
The dynamic equations of motion (Euler’s equation of motion) for a rigid satellite under the 
influence of three body fixed torques on each of the principal axes can be described with 
Equation (4.16) [86].
T =  Jw g +  Wg X  (jw g T h) (4.16)
where J  = diag[Ji, J 2 , J 3] is the principal moment of inertia of the rigid body, r  =  [ti, T2 , 73]^ is 
the net torque acting on the satellite, and h =  [hi, /i2, hg]^ is the net angular momentum on the 
satellite due to the wheel rotation. Equation (4.17) shows the component form of Equation (4.16).
n  =  Jip  +  ( Jg -  J2)qr +  qhs -  rh2
T2 = J2q + ( J i - J 3 ) p r - h r h i - p h s  (4.17)
Tg =  Jgr +  (J 2 -  Ji)pq + ph2 -  qhi
This shows the effect of the net torque on the satellite body angular velocity that the actuator 
will be designed to control or stabilise.
4.3 Linearisation o f th e  Equations o f M otion
Linearisation is performed on the equations of motion to yield a state-space model given by
Equations (4.18) to (4.22) where the matrix C G is identity, D G is zero and u  is
the control input vector. The system is multivariable (MIMO) and the output vector observes
the vehicle attitude and attitude rates. The upper half of the state matrix A and the input B
in Equation (4.22) is computed by linearisation of Equation (4.15) about an equilibrium point 
where the values of cp, 9, ip are very small. This gives ^  ^  p, 9 q, ip ^  r. The lower half comes 
from linearisation of Equation (4.17) assuming small products are negligible.
æ =  A x +  B u (4.18)
y =  C x +  D u (4.19)
where
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Xu  =
4> 6 ij) p q r 
T
n  72 n
T
(4.20)
(4.21)
A  =
' 0 0 0 1 0 0 0 0 0
0 0 0 0 1 0 0 0 0
0 0 0 0 0 1 B = 0 0 0
0 0 0 0 %
1
Jl 0 0
0 0 0 % 0 & 0 1J2 0
0 0 0 0 0 0 1Js _
(4.22)
The State matrices A and B are used in Section (5.3.2) for the LQR control system.
4.4 T ilted  W heel M odel
The dynamic and the kinematic models of the tilted wheel system are discussed in this section. 
The equations defined here are novel. The tilted wheel is rotated from its body fi’ame to the 
satellite body frame (for this analysis the ABT ground demonstrator represents the satellite) to 
define the system DCM. Two major rotations are performed about the tilted wheel x-axis and 
y-axis respectively. The first rotation of angle a  is about the wheel’s x-axis, as shown in Figure
\ a
X
(a)
X
Yo
Figure 4.4: R o ta tio n  from  T ilted  W heel B ody to  S ate llite  B ody
4.4(a) and the rotation matrix is represented as:
R(a) =
1 0 0
0 cosa sina  
0 —sina cosa
(4.23)
The second rotation of angle ^  is about the wheel’s y-axis, as shown in Figure 4.4(b) and the 
rotation matrix is represented in matrix form as:
cosP 0 —sinP
{^13) = 0 1 0 (4,24)
sinP 0 cosl3
The DCM for the rotations of the tilted wheel system about x-axis and y-axis respectively can 
be represented by the combination of Equations (4.23) and (4.24) as:
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COsP 0 —sinP ■ 1 0 0
R ( , g ) R ( a )  =  R - M  = 0 1 0 0 cosa sin a
sinP 0 cosP 0 —sin a cosa
cosP cosasinP - cosasinP
= 0 cosa sina
sinP —sinacosP cosacosP
(4.25)
Equation (4.25) is the rotation matrix that describes rotation of the tilted wheel system from its 
body frame to the satellite body frame.
4.4 .1  T ilted  W h eel A ngular M om en tu m
The angular momentum (H) generated by the tilted wheel with the assumption that the spinning 
wheel is aligned to yaw axis (Z-axis) of the satellite is given as:
H  =  R(a^)h + R(q,^) ( j d  -1- J/3^ (4.26)
where J  =  diag[Ja, Jjg, Jw] are the moment of inertia of the tilted wheel about x, y  and z axes 
relative to the satellite X , Y  and Z  axes respectively and we defined à. = [dOO]^, ft = [0^0]^. 
The total angular momentum given in Equation (4.26) represents the angular momentum of the 
tilted wheel system. The last two terms on the right hand side of equation (4.26) can be ignored 
considering the fact tha t the tilt rate of the mechanism will be far less than spin rate of the 
reaction wheel (Qto ;$> à a n d ^).
The total angular momentum generated by the tilted wheel and duly transferred to the satellite 
body frame can then be represented in a simplified form as:
H  =  R(a/3)h (4.27)
4 .4 .2  Torque in  th e  T ilted  W h eel
The torque generated by the tilted wheel system will be the time derivative of angular momentum 
vector of the system represented in equation (4.27). So, the torque generated by the wheel and 
transferred to the satellite body can be represented as:
H  =  R(a^)h +  R(a^)h (4.28)
where H  is the angular momentum vector of the system, h  is the angular momentum vector in 
the tilted wheel three orthogonal axes represented in component form as h  =  [hx, hy, hz\^  and 
hx = hy = 0, hz = Jw^w (angular momentum generated by the spinning wheel). The first term 
(time derivative of the rotation matrix) of the right hand side of equation (4.28) represents the 
Jacobian matrix defined as:
dap
dt
(4 .29)
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d (R(g;9)) dap  
da/3 dt
0
0
hz
(4.30)
By substituting the result of Equations (4.29) and (4.30) into Equation (4.28), the control torque 
is given by:
0 0
0 +  RfayS) 0
.  hz . . h . _
where 5 =  [o; 6 =  [d yS]^  and R(a^) =  Rg Equation (4.31) now becomes:
(4.31)
H
9 ( % i i )  r 9(-Rai2) r  d j R s i s )  c
ds ^ ds ^ ds °
9{R&2i ) k d{Rs22)  k d{R52z)  k
ds ^ ds °  ds ^
d jRs S l )  k 9(R s32) f  d (R s 3 3 ) r
% * % ° °
0 0
0 +  Rs 0
. h . . . hz .
(4.32)
1 Rsishz
+ Rô23hz
J _ Rôsshz
(4.33)
where Rg is the rotation matrix from the wheel frame to the satellite body frame. Using Equation 
(4.33) and hz =  Jw^w in equation (4.28):
A
The first term on the right hand side of Equation (4.34) is solved using Jacobian as shown in 
equation (4.33) and the resulting equation can then be written as:
—cosasinP —cosasinP
sina ÔJixVtyj ”H sina JyjÇtyj (4.34)
cosacosP cosacosP
sinasinP —cosacosP —cosasinP
H  = cosa 0 5 JyjÇtyj T sina
—sinacosP —cosasinP cosacosP
(4.35)
Equation (4.35) can now be written in a more compact form using E  and F  to represent first and 
second matrices in the right hand side of Equation (4.35) respectively. Components of matrices 
E  and F  can then be written out as follow:
E  =
sinasinP —cosacosP 
cosa 0
—sinacosP —cosasinP
(4 .36 )
and
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-cosasinP
F  =  sina  (4.37)
cosacosP
Representing matrix E  of Equations (4.36) and matrix F  of Equation (4.37) respectively in 
Equation (4.35), it will then give;
H  =  EJtüQ^ü j  +  FJio^u; 
Equation (4.38) can also be written as:
JuD^ lwSH  = E F
Jw^W
(4.38)
(4.39)
Matrices E  and F  can be joined to form a 3 x 3 matrix named as G. So, matrix G  =  [E F]. 
Equation (4.39) can now be written as:
H  =  G
=  G
Jw^w^
Jw^W
Jw^wP
(4.40)
(4.41)
Where matrix G can be written out showing all its components as:
G =
sinasinP —cosacosP —cosasinP 
cosa 0 sina
—sinacosP —cosasinP cosacosP
(4.42)
4 .4 .3  T ilt A ngle and T ilt R ate
The control torque command (he) is generated by the satellite controller based on the attitude 
difference between the desired attitude and the measured attitude as described by Equation (4.9). 
To calculate the rate of change of the mechanism tilt angle tha t will result in a change of the 
spinning wheel angular momentum vector, an inverse of matrix G  (rank =  3) of Equation (4.42) 
must first be computed. Tilt angle and tilt rate about the satellite X and Y axes are computed 
with the assumption that the wheel is aligned to the axis orthogonal to both X and Y plane 
axes. A practical fact is that we cannot find a direct inverse of the term [Jw^w Jw^w Jw of 
equation (4.41) but can be represented as a diagonal matrix as shown in equation (4.43). By 
using equation (4.41), tilt rates and wheel acceleration can be shown as:
à JyjÇïyj 0 0
P r- 0 Jw^W 0
0 0 Jw
- 1
G~^hr (4 .43)
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where G  ^ is written as:
G"^ =
sincKsin/5 coso:
COS/g P
coso; ^
-coso;sin^ sina;
—sincKCOSyg
sinyg
coso;
coso;cosyg
(4.44)
The inverse of matrix G is computed without the use of pseudo-inversion as obtained with existing 
CMGs. The inverted G matrix as described in Equation (4.43) will only witness singularity 
when the tilt angle a  is 90°. Considering hardware constraints in practise, the actuator will not 
be used to control satellite large attitude that will necessitate a large tilt angle of o; =  90° for 
the system to witness singularity. The direct product of the inverted matrix G “  ^ and the control 
torque from the satellite (ABT ground demonstrator) control algorithm, gives the motor control 
commands in terms of tilt rates and spinning wheel acceleration as shown in Equation (4.43). 
By direct integration of Equation (4.43), the tilt angles (a) and (/5) about the tilted wheel x and 
y axes and the spinning wheel speed respectively can be computed. The tilt mechanism and the 
spinning wheel speed control command of Equation (4.43) can be written in components form as:
à
P =
J'niÇlli ^sino;sin/3 • hd  +  coso; • hc2 — sino;cos/5 • hcs^
coso; coso; hc3^
^  coso;sin^ • hd  + sino; • hc2 +  cosacosP • hcs^
(4.45)
Although, the new actuator is modelled in the body frame, but in the local orbital frame, the 
wheel speed model is similar to the one in the body frame because satellite velocity is small 
compared to wheel speed. However, the contribution to orbit frame tilt rates is non negligible, 
even though tilt rates are also significantly faster than satellite angular velocities. If the tilt 
rates are not high enough, a solution would be to cancel these orbit frame dependent terms (as 
stated in Eq. 48 of Schaub [79]) in the inner loop controller rather than simply use the inner 
loop controller. It is then possible to keep the same inversion scheme, which still does not involve 
pseudo inversion.
4 .4 .4  C ontrol Torque G enerated
Gyroscopic control torque is generated about the satellite X and Y plane axes by a change in 
both magnitude and direction of the spinning wheel angular momentum vector of the tilted 
wheel system. To achieve this, the tilting mechanism designed must tilt the angular momen­
tum vector about the satellite X and Y plane axes. Also, the spinning wheel angular speed 
can be increased or decreased to generate torque about the axis orthogonal to the X and Y 
plane axes . This will allow active control about the wheel spin axis that will compensate 
for an attitude disturbance about the axis or orientate the satellite about the axis accordingly. 
The block diagram representation of the tilted wheel mathematical model is as shown in Figure 4.5.
The system angular momentum defined in Section (4.4.1) shows that angular momentum 
generated by the tilt mechanism itself is negligible because of slow tilt rate compared to the 
spinning wheel angular velocity. If the tilt rates are fast enough, then angular momentum 
generated by the system will have to be compensated for as in Equation (4.26). The control 
torque generated about all three axes of the tilted wheel as described in Equation (4.41) can
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Figure 4.5: T ilted  W heel M athem atica l M odel Block D iagram  R epresen ta tion : Show­
ing how the tilt mechanism control command is computed from the interaction between the 
inverted G  matrix and the control command from the satellite controller.
again be written as:
H - G
Jw^w^
J lit
(4.46)
where matrix G is a function of the rotation matrix R(a,^) (as defined in Equation (4.42)) that 
rotates the wheel system from the wheel frame to the satellite body frame. Equation (4.46) above 
shows the control torques generated along the three axes of the satellite and can be written out 
in component form as:
H  =
à J y j Ç t u j S i n a s i n ^  — ^ J y j ^ y j c o s a c o s ^  — Ù J y j C o s a s i n P  
àJyjÇ ty jC osa  +  Ù J y j s i n a  
—àJ-a,ü-u,sinacos/3 — $J-u,Q,wCosasinl3 -F  ÙJ^^cosacos/S
(4.47)
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4.4 .5  T h ree-A xis  A ttitu d e  C ontrol in  B ias M om en tu m  M od e
Most satellites that use inertial actuators are operated in a bias momentum mode. Nigeriasat-2 
is a typical Earth observation satellite that has four reaction wheels arranged in tetrahedral 
configuration as the primary actuators. These reaction wheels are operated in a bias momentum 
mode to provide three-axis attitude stabilisation and to ensure that the satellite nadir vector is 
kept constantly pointing towards the earth centre all round the orbit [13]. The tilted wheel must 
be operated in bias momentum mode as shown in Figure 4.6 for torque to be generated. The
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Figure 4.6: Spinning W heels Speed Profile: Showing the spinning wheel speed profle in bias 
momentum mode, this involves a spinning wheel with an initialised angular speed.
satellite will be operated in a bias momentum mode without having to cancel out the momentum 
in the system before and after a slew manoeuvre. When the tilted wheel is operated in this 
mode, it adds dynamic stiffness to the spacecraft against disturbance torque.
4 .4 .6  T h ree-A xis A ttitu d e  C ontrol in Zero M om en tu m  M od e
The tilted wheel is nominally operated in a bias momentum mode to generate torque for satellite 
attitude control. It is quite possible to operate the satellite in a zero momentum mode for some 
fine pointing application before and after a slew manoeuvre. This is similar to what is obtained 
on Bilsat-1 where one of the reaction wheels is aligned to the satellite pitch axis and operated in 
a bias momentum mode while the overall momentum of the satellite is kept at zero using other 
reaction wheels [49].
• Option-la: This option involves the use of a redundant but not tilted spinning wheel 
in the satellite that will operate at an angular speed equal but opposite to the initialised 
angular speed of the spinning wheel in the tilted wheel system. The redundant wheel is 
aligned to the same axis as the spinning wheel in the tilted wheel assembly. Initial tilt angle 
of the tilted wheel will be the same to the nominal position of the redundant wheel. This 
will enable zero momentum to be maintained before and after a typical manoeuvre since 
the tilted wheel will return back to its nominal position after a manoeuvre. A typical plot
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profile of the spinning wheels in the satellite is as shown in Figure 4.7 where the Wheel-1 
angular speed can be increased or decreased based on the required manoeuvre, while the 
Wheel-2 angular speed is kept constant to ensure that the satellite zero momentum mode 
is maintained.
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Figure 4.7: Spinning W heels Speed Profile in Satellite Zero Momentum Mode
The satellite zero momentum mode can be achieved operationally by adopting one of the 
following options:
• O ption-lb: The two spinning wheels are co-aligned and in tandem but are independently 
operated by having two tilt mechanisms that will tilt each spinning wheel to generate 
control torque. This concept will therefore require pseudo-inversion (not needed when the 
second spinning wheel is not tilted) for torque command allocation to each of the spinning 
wheel and tilt mechanism. The torque generated by individual tilted wheel will be summed 
up to give the total torque generated by the system. This concept will increase the mass 
and size of the design but it will allow the satellite to be operated in zero momentum mode 
before and after a slew manoeuvre.
• Option-2: An alternative concept to having a second spinning wheel in the satellite to 
achieve a zero momentum mode is to use an external control actuator like a magnetic 
torque rod or a thruster. Like obtainable in Option-la, the external actuator will damp out 
any angular momentum in the satellite body before and after a slew manoeuvre. Though 
this option might not guarantee complete zero momentum mode, but it will provide a near 
zero momentum mode prior to a manoeuvre and thereafter. This option will also prevent 
the build up of angular momentum due to external disturbance torques.
4.5 Conclusion
A rigid satellite attitude representation was modelled in both Euler angles and the quaternion.
The quaternion representation allows for easy satellite onboard computation, while Euler angles
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can easily be visualised when describing satellite attitude or pointing with respect to an inertial 
frame. Both attitude representation will be used in the control theory of Chapter 5.
Also in this chapter the mathematical model for the proposed tilted wheel was intelligently 
formulated such that the singularity issue inherent in conventional inertial actuators like the 
SGCMGs was moved to a practically non-usable tilt angle. While actuators like the SGCMGs, 
the location of the internal singularity could occur at any gimbal angle, but with the tilted wheel 
model, the tilt angle that will lead to a singularity is known and it will occur at that point when 
both axes on the x-y plane co-aligned when a  =  ±90° for a rotation sequence of Rq,R^. Also, 
if the rotation sequence is changed to R^R ^ where the first rotation is about the ^  angle, the 
singularity will then occur when ^  = ±90°. This scenario occurs when the tilted wheel y-axis 
coaligned with the x-axis.
Also described in this chapter is the equation of motion for a rigid satellite that will be used for 
numerical simulation to test the performance of the tilted wheel equations of motion and the 
adapted control law that will be described in Chapter 5.
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Chapter 5
Control Theory and Simulation
5.1 Torque and A ngular M om entum  Envelopes
The torque and the angular momentum envelopes represented in two-dimensional and three- 
dimensional states espectively describe the tilted wheel torque and momentum capabilities in all 
three axes as illustrated in the following sections.
5.1.1 A ngular M om en tu m  E nvelope
The angular momentum envelope for the tilted wheel is shown in Figure 5.1 for a maximum 
tilt angle of 35°. The angular momentum reaches its maximum state on the opposite coloured 
surface of the sphere. The sphere represents the momentum envelope for a maximum tilt angle 
of ±90°.
0 .4 -
0.2
0 -
-0 .2 -
•0 .4 -
0.4
■0.2
■0.4  -0.4
■0.2
h„(Nms) h (Nms)
Figure 5.1: A ngular M om entum  Envelope for 35° M axim um  T ilt Angle: showing the 
angular momentum capabilities prominence about the Z-axis of the system.
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Figure 5.2: 2D Angular M omentum Envelope for 35° Maximum Tilt Angle on the  
X-Z Axes Plane
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Figure 5.3: 2D Angular M omentum Envelope for 35° Maximum Tilt Angle on the  
X-Y Axes Plane Plane
5.1 .2  Torque E nvelope
The tilted wheel torque envelope shown in Figure 5.4 looks ellipsoidal in shape due to more 
torque capability about the x and y axes compared to the z axis. This is because the wheel 
torque amplification occurs along the x-y axes plane which is responsible for the equal torque 
capability about x and y axes as shown in Figure 5.5 . The two-dimensional representation of the 
torque envelope about the x-y plane looks spherical as shown in Figure 5.5. The torque envelope 
depicts the torque capability and availability about any of the wheel three axes. Torque demand 
by the attached satellite must be within the tilted wheel torque envelope.
The torque capability about the x-z plane looks ellipsoidal as shown in Figure 5.6 due to 
less torque generated about the Z-axis because the torque amplification by the tilted wheel occurs 
about the x-y plane axes.
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Figure 5.4: T orque Envelope in 3 D im ensional Space: Showing the torque capability about 
the roll-pitch-yaw axis. The torque about the roll and pitch axis is more compared to yaw axis 
due to torque amplification about the X-Y axes plane.
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Figure 5.5: Torque Envelope in X -Y  Plane: This shows that the torque capability about 
the roll axis is assumed equal to the pitch axis, provided the same tilt mechanism specification 
are used
5.2 T ilted  W heel Param eters Perform ance A nalysis
This section describes the relationship between parameters of a tilted wheel that include maximum 
torque generated, maximum tilt rate and the satellite required slew rate using a smooth attitude 
input profile instead of a constant attitude input profile that generates torques with very high 
tilt rate that will be difficult to physically implement considering hardware constraints. Smooth 
attitude input profile will be used in this analysis for easy physical implementation. Details of 
the parameters analysis are described in the following sections.
5.2.1 G enerated  Torque and T ilt R ate
The relationship between tilted wheel maximum torque generated and maximum tilt rate is as 
shown in Figure 5.7 for a typical 90 kg satellite platform. Torque generated by the tilted wheel 
is a direct function of both the spinning wheel angular velocity and how fast the wheel can be
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Figure 5.6: T orque E nvelope in  X-Z P lane: The torque envelope looks ellipsoidal due to 
more torque capability about the X-axis compared to the Z-axis.
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Figure 5.7: R elationsh ip  B etw een M axim um  Torque an d  M axim um  T ilt R a te
tilted. The maximum torque and maximum tilt rate relationship shown describes the influence 
of increase in spinning wheel angular velocity and tilt rate on torque generated. According to 
the plot profile, a torque of 0.1068 Nm will be generated by the system with maximum tilt rate 
of 7.052°/s at spinning wheel maximum angular velocity of 10000 RPM. Decrease in spinning 
wheel maximum angular velocity will surely lead to increase in maximum tilt rate required to 
generate same amount of torque as seen from the plot profile. To generate the same torque of 
0.1068A m  at spinning wheel angular velocity of 5500 RPM, the maximum tilt rate required 
will be 12.039°/s. If the spinning wheel maximum angular velocity is further reduced to 1500 
RPM, the required maximum tilt rate to generate same amount of torque will then increase to 
30.458°/s. A decrease in maximum torque required for a specific manoeuvre, will also result in 
decrease of maximum tilt rate accordingly. The plot profile further showed that, for a maximum
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torque demand of 0.0727 Nm, at spinning wheel maximum angular velocities of 10000 RPM, 5500 
RPM, 3500 RPM and 1500 RPM, the maximum tilt rates will be 4.849°/s, 8.413°/s, 12.269°/s 
and 22.345°/s respectively. There is always a trade off between maximum torque, maximum 
tilt rate and spinning wheel maximum angular velocity required to achieve a slew manoeuvre, 
because the higher the spinning wheel angular velocity demand, the higher the power required in 
achieving it. Less power will be required for tilting the wheel compared to amount of power that 
will be required to spin the wheel.
5.2 .2  R equired  S lew  R ate  and T ilt R a te
A small satellite with a mass of about 90 kg will achieve a slew manoeuvre by generating control 
torque that is a direct function of the tilt rate as discussed in section (5.2.1). Base on the
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Figure 5.8: R elationsh ip  B etw een Slew ra te  and  M axim um  T ilt R a te
maximum tilt rate and slew rate plot profile shown in Figure 5.8, and using the smooth attitude 
input command, it is shown that the higher the slew rate demand, the higher the maximum tilt 
rate required to generate the required torque for the slew manoeuvre. To achieve a particular 
slew rate, the system required tilt rate is directly related to the spinning wheel maximum angular 
velocity. The higher the spinning wheel angular velocity, the lower the maximum tilt rate required 
to achieve demanded slew rate. According to the plot profile, for a slew rate requirement of 
3°/s, at spinning wheel maximum angular velocities of 10000 RPM, 5500 RPM, 3500 RPM and 
1500 RPM, the tilt rates required will be 13.29°/s, 21.91°/s, 30.45°/s and 51.65°/s respectively. 
Again, if the required slew rate is l° /s , also at spinning wheel maximum angular velocities 
of 10000 RPM, 5500 RPM, 3500 RPM and 1500 RPM, the tilt rates required will be 1.59°/s, 
2.85°/s, 4.33°/a and 8.65°/s respectively. This confirms the fact that at a small satellite slew 
rate demand, the maximum tilt rate required will be reduced accordingly. A trade-off must also 
be performed between the slew rate demand, spinning wheel maximum angular velocity and the 
maximum tilt rate required to achieve a specific slew manoeuvre.
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5.2 .3  S lew  R a te  and M axim um  Torque for D ifferent S a te llite  P latform s
This section describes torque generated using the tilted wheel on different satellite platforms. 
Three different satellites with different moment of inertia were considered and a spinning wheel 
maximum angular velocity of 5500RPM was used for this analysis. According to Figure 5.9, it is 
shown that, to achieve a slew rate of l° /s  with a satellite platform of mass 300&g, a maximum
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Figure 5.9: Relationship Between Slew R ate and Maximum Torque for Different 
Satellites Platforms
torque of 0.2062 N m  is required. A smaller satellite platform will require smaller tilt rate to 
achieve same slew rate. For a slew rate of l° /s , satellite platforms of mass 90 kg and 50 kg 
will require a maximum torques of 0.0235 A m  and 0.00939 Am  respectively. This shows that if 
the demanded slew rate for various satellite platforms is increased, it will directly translate to 
increase in torque required. A higher torque will be required by the tilted wheel to achieve a 
small slew rate in a large satellite. If the tilted wheel concept will be used on a satellite larger 
than the 90 kg platform used for this analysis, the wheel will have to be scaled up in terms of 
mass and size to efficiently generate the required torque for the satellite mission.
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5.3 Control Law Theory
In this section, different types of control laws that are responsible for the control of the satellite 
model that was described in Section 4.2 are discussed and a new type of control law also proposed.
5.3 .1  P ID  C ontrol
A widely used form of controller in the industries is the PID controller. The controller provides 
a proportional term (P), an integration term (I) and a derivative term (D) as shown in Figure 
5.10. The controller popularity can be attributed partly to their good performance in a wide 
range of operating condition and partly to their functional simplicity, that allows engineers to 
use them in a simple straightforward manner [24]. This type of controller can also be viewed as
r{t)
u{t)
à 1+
Plant
Dynamics
Figure 5.10: Block D iagram  of a  P ID  C on tro ller in  a  Feedback Loop
a cascade of a PI and a PD controller and its output can generally be represented in the time 
domain as shown in Equation (5.1) [32]. By tuning the three parameters in the PID controller 
algorithm, the controller can provide control action designed for specific process requirements.
u{t) ^  Kpe{t)  +  ÜT, J  e{t)dt
de{t)
dt
(5.1)
The response of the controller can be described in terms of the responsiveness of the controller 
to an error, the degree to which the controller overshoots the setpoint and the degree of system 
oscillation, and also to the integral steady state error. But, the use of the PID algorithm for 
control does not guarantee optimal control of the system or system stability.
5.3 .2  LQ R  C ontrol
The LQR control is a common MIMO control law that uses optimal control theory to always 
provide solutions that have optimal performance. It uses the linearised state-space form of 
equations of motion previously derived in section (4.3).
LQR is defined based on the cost function described in Equation (5.2) where the system input,
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u, is chosen to minimise the performance index of Equation (5.2). Q is an n x n symmetric 
positive semidefinite matrix and R  is an m x m  symmetric positive definite matrix.
rT
J { x ,u , t )=  /  {t)K{x)u{t)] dt (5.2)
Jo
The Hamilton-Jacobi-Bellman (HJB) optimisation is used to find a solution for u  that is optimally 
minimal. The classical HJB equation can be seen in Equation (5.3).
+  v j j ( x ,u , i ) / ( x ,u , f )  +  V tJ (x ,u ,t)  =  0 
x"^Q(æ)x +  u"^R(z)u +  V ^J(x ,u ,t)l [A(a:)x +  B(a;)u] +  V tJ(x, u, f) =  0 (5.3)
Neglecting time varying states (time gradients disappear) for a linear time invariant solution 
(LTl) and using the fact that J  is quadratic and thus has form x^P(x)x , Equation (5.3) is 
reduced to Equation (5.4) after substituting in the matrix differential.
x^Q (x)x +  u ^R (z)u  4- 2P(z)x| [A(a:)x +  B(rc)u(a:)] =  0
2R(a;)u +  2B(a:)^P(z)x =  0 (5.4)
Solving for u(æ) yields Equation (5.5) where k is the optimal LQR gain.
u(a:) =  —R “ ^(a;)B^(a:)P(rr)x =  —kx (5.5)
where P(a;) is the maximal, stabilising solution to the algebraic continuous time SDRE [35]. 
Substituting Equation (5.5) back into HJB yields the continuous time State Dependent Ricatti 
Equation (SDRE) seen in Equation (5.6) which can be solved using iterative methods to yield a 
solution for P(a;) and thus k.
A^(z)P(a;) +  P(a;)A(æ) -  P (a;)B (z)R -^(z)B ^(z)P(z) +  Q(æ) =  0 (5.6)
To ensure that the desire solution of Equation (5.6) exists for all x, one may assume that A(x) 
and B(x) are controllable for all a;.
5.3.2.1 Set-point Tracking LQR
LQR is extended in order to track a time varying set-point (as opposed to just regulation) in 
Equation (5.7) which is a modified form of Equation (5.5) [30]. r  is the set-point function and
Xss and Ugg are the steady-state state and input respectively. N ;^ and are defined in Equation
(5.8) where f is the Moore-Penrose pseudo-inversion due to the non-square nature of the system.
U  =  - k  (x -  Xss) +  Uss
=  - k  (x -  Nx • r) -1- N„ • r  
=  - k  • X +  (kNa; -f- Nu) r  
u  =  —k - x - h i V - r  (5.7)
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(5.8)
Substituting in the modified input, Equation (5.7), into the original state differential equation, 
yields the new state-space equations for simulation in Equations (5.9) and (5.10) where the 
set-point is now the system input.
œ =  [A — Bk] • X +  [BiV] • r (5.9)
y =  [C -  Dk] • X -b [DJV] • r (5.10)
5 .3 .3  H P B  L Q R
High Performance Bounded (HPB) form of classical LQR is an extension of the conventional
LQR form of control by the MIT [54] used for control of an F18 aircraft. This same approach is
formulated for 3 -axis attitude control of a rigid satellite. The HPB LQR has several distinct 
advantages that include:
•  HPB LQR performs dynamic retuning of the R  performance matrix helping to improve 
performance, unlike classical LQR that uses a constant R; it effectively gain-schedules the 
R  matrix through the manoeuvre. The gain scheduling allows for the incorporation of 
control input saturation constraints by using higher gains away from the saturation regions 
and lower gains when a saturation region is approached
• The gain scheduled HPB LQR approach allows for a low computational solution and a 
better settling time for a given energy by allowing the R  matrix of the LQR problem to 
vary.
In this work we extend MIT’s research to apply the HPB LQR control law with its inherent 
advantages to 3-axis control of a satellite.
5.3.3.1 H PB  Theory
The theory behind the HPB method is described in MIT [54]. In their research the controller 
is applied to a double integrator example without the moment of inertia term described by 
Equation (5.18). The double integrator is used here since a satellite in zero momentum mode 
can be modelled as a system of three single input double integrators for rest to rest manoeuvres. 
In the original formulation the control signal, u, is bounded to be less than 1. However, we 
extend MIT’s work [54] to systems where u  is bounded to be less than Umax {u < Umax) and Ji 
is incorporated into the system equations allowing satellite inertia to be modelled.
At each level-set as shown in Figure 5.11, the origin of the ellipsoid is the equilibrium point 
/( t,0 ,0 ) =  0 and there exists a global stabilising control law as defined in Equation (5.5) that is 
smooth and continuous about the equilibrium point and A;(0) =  0. Also, there exists a positive 
definite Lyapunov function P(a:) for the system. It then follows that Equation (5.11)
7 =  {æ G E”[F(rc) < p] (5.11)
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Figure 5.11: Control Laws Level-Set
is invariant under u  =  k{x). It is possible for the system to be stabilised with both low-gain 
and high-gain control laws with corresponding Lyapunov functions. The problem then becomes 
finding the set of control laws and corresponding Lyapunov functions that will drive the state to 
equilibrium as fast as possible without loss of control effort.
The nonlinear state feedback control law is obtained from the following algorithm where subscript 
n  denotes a time index (an instance of the vector):
• Given the state x(£), compute r{x{t)) such that
x^P (r)x  — r^ /6 ^ P (r)b  (5.12)
• Apply the control law:
Un =  k(r(x)) ■ Xj (5.13)
For ease of notation, the k{r{x)) of Equation (5.13) is compactly written as k  and of Equation 
(5.12) written as P . On the controlled state trajectories, the states will enter increasingly 
narrower level sets, parameterized by a variable pn- The level sets are then defined by the 
following equation:
P n > x l iP xn  (5.14)
where (n =  1,..., /) are the states at each time step and I is the final time step when the 
system has converged within a prescribed neighbourhood of the origin. The control constraint is 
then defined as:
'^max ^  1^  ■ ®n| (5.15)
The expression in Equation (5.15) will be valid for each axis of the satellite modelled as a double 
integrator. The gains of the HPB LQR controller are obtained by solving the optimisation
problem of maximizing p in Equation (5.14) under the constraint of Equation (5.15). The solution
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to the optimisation of Equation (5.14) and Equation (5.15) is given by Equation (5.16).
ut
P = kP-^k'i '
The variable p in Equation (5.16) can then also be written as a function of r{x):
(5.16)
.  _  • r j Xn f  , ,
^ ~  b '^P-lb
Equation (5.18) shows a single input system because the equation of the satellite attitude 
dynamics follow similar models on all three axes in the zero momentum case.
A
dt
X ’ 0 1 ' X ' 0  ’
= +
X 0 0 X . T i .
u (5.18)
where
\u\ < u.^max Q  =
1 0 
0 0
(5.19)
At each time step P  is obtained by using the analytical expression in Equation (5.20) determined 
by the state space profile. Traditionally LQR is solved using the ARE however, since an analytical 
solution exists we can use Equation (5.20) instead. The initial value of r  can be varied with 
analytical trial and error yields 1000 to be a suitable quantity in the simulations. This initialised 
value of r is used to define the first geometry ellipse points matrix of Equation (5.20).
P  =
2r“  ^ \/2r~^/^
^y ,-3 /4 (5.20)
Solution for P  G allows a new value of r to be derived using Equation (5.21). Note the two 
quantities on the right-hand side of the equation are scalars. With the state given æ(£), we then 
compute r{x{t)) based on the algorithm defined earlier such that
= (æ^P(r)æ) • (b^P(r)b) (5.21)
Using the new r, the LQR gain k  G is calculated from the analytical expression in
Equation (5.22). Once k  is known, u  can then be calculated as before with Equation (5.5) or 
Equation (5.7) with setpoint tracking.
k  = (5.22)
Also for simplicity purpose, we let R  =  r l  where I is an identity matrix and r  is a scalar. By 
allowing r to move between 0 to -f-oo, we can generate a family of increasingly aggressive gains, 
k(r).
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5.4 Spinning W heel A ngular M om entum  M anagem ent
Angular momentum unloading of the spinning wheel is necessary to keep the wheel speed within 
a predetermined operational limit. The angular momentum will constantly increase or decrease 
in the presence of disturbance torque or torque demand about wheel spin axis by building 
up the spinning wheel angular momentum that will increase above the pre-set limit. When 
the spinning wheel is saturated, controllability and stability will no longer be automatically 
guaranteed especially about the wheel spin axis. To ensure a continuous control, an external 
torque generator like a magnetic torque rod, as shown in Figure 5.12, will be desirable (this unit 
will require little power for its nominal operation) to remove the wheel excess momentum and 
return the wheel to its original operational limit.
5.4.1 M agn etic  C ontrol Law
The magnetic field generated by the spacecraft interacts with the Earth’s magnetic field to 
produce an external couple. The magnetic control torque equation is given by Sidi [73] as:
T  =  m  X B (5.23)
where m is the dipole moment vector generated by the magnetic torque rod mounted on the 
satellite body and B is the Earth’s magnetic field intensity measured using magnetometer 
mounted on the satellite body. The magnetic torque varies in strength and direction around 
orbit. Though, there is always no torque about the local field direction The dipole moment m
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Figure 5.12: M om entum  U nloading C ontrol System
can be calculated using the wheel unloading law [12] defined as:
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e  X b
m  = (5.24)
where vector e is defined as:
G -- Kffiag (h hj^)--- (5.25)
and A h =  h  — h„ is the excess momentum to be removed, h  is the wheel momentum vector, hy 
is the desired and nominal wheel momentum vector and K^ag is the unloading control gain.
Substituting Equation (5.25) into Equation (5.24), we will have
m  = mag
IBI
(b X Ah) (5.26)
We can use a simple dipole model defined by Zuliana [45] to calculate the Earth’s magnetic field 
b  in the LVLH frame. The vector b  =  [hx, by, bz] defined as a function of time is expressed as 
[73J:
(5.27)
where, uJq is the orbital rotational frequency, t  is the time measured from t =  0 at the ascending 
node crossing of the magnetic equator. And, Bx, By, Bz are the components of the Earth 
magnetic field that are function of the orbit inclination defined as:
b x { t ) BxCOs {u) ot )
b y { t ) = B y
.  b z { t )  _ _ B z S i n { u J o t )
■ B x  ' B o S i n { i )
By B o C o s { i )
. B z  . —2 B o S i n { i ) .
(5.28)
where, B q is the average earth magnetic intensity in a low earth orbit defined as [Bq = 2.28 x 10  ^
r ] , i is the instantaneous inclination of the orbit plane with respect to the magnetic equator.
The magnetic dipole moment vector of Equation (5.26) required for the wheel momentum 
unloading can be written in its components form as:
K,
m  =  — mag
—BoAhzCos{i) — 2BoAhySin{i)sin{ujot) 
2BoAhxSin{i)sin{uot) + BoAhzSin{i)cos{uJot) 
-BoAhySin{i)cos{uot) +  BoAhxCos{i)
(5.29)
Equation (5.29) shows that the spinning wheel excess momentum along the wheel spin axis Ahz 
can effectively be removed or unloaded either by using magnetic moment generated by magnetic 
torque rod along the a:-axis or 2/-axis. This further confirms that excess angular momentum along 
the spin wheel axis can never be removed by magnetic torque rod along same axis.
The magnetic control torque 'Tmag required for the excess momentum unloading can then 
be calculated by using vector cross product on both sides of Equation (5.29) as defined in
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Equation (5.23). The magnetic control torque for the momentum unloading can be represented 
in components form by substituting the components of the dipole moment of Equation (5.29) 
into Equation (5.30)
'^m ag  — X B — mag
IBI
uiyBz — rrizBy 
'^ TT'zBx '^xBz 
^TT'xBy UlyBx
(5.30)
where, B =  Bx, By, Bz are as defined in Equation (5.27).
5.5 N um erical Sim ulation
The rigid satellite model and the tilted wheel dynamic model are simulated using the control 
laws described in Section 5.3 to verify the torque generation capability of the tilted wheel. Some 
of the simulation parameters required in this section is as shown in Table 5.1. The simulated 
performance of the newly developed tilted wheel equations of motion on the control of a rigid 
satellite model is discussed in this section.
Satellite Mol dia[6.26 5.87 5.07] kgm^
Initial Attitude [ Roll Pitch Yaw] [0 0 0] 0
Slew Rate 1.5 %
Tilted Wheel Mol dia [0.0008 0.0008 0.0008] kgm^
Initialised Wheel Speed 5500 rpm
Initial Tilt Angle [ a , p ] [0 0] 0
Table 5.1: Simulation Parameters for 3-Axis A ttitude Control
5.5.1 P ID  C ontrol Scenario
The numerical simulation results of the tilted wheel using the classical PID control theory as the 
satellite controller is discussed in this section. It shows the performance of the control theory in 
the control and stabilisation of the attitude of a rigid satellite.
5.5.1.1 PID 3-Axis A ttitude Control Capability
Using the simulation parameters of Table 5.1, and given an initial satellite attitude of [0° 0° 0°] 
for roll, pitch and yaw respectively and a commanded attitude of [30° 20° 10°] (different setpoint 
chosen for each axis for easy identification of individual axis performance) for roll, pitch and yaw 
axis respectively, the tilted wheel performances are as shown in Figure 5.13.
The maximum torque of 49.1 mNm is generated along the roll axis for the highest com­
manded angle of 30° and the minimum torque of 6.34 mNm is generated along the yaw-axis
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Figure 5.13: 3-Axis P ID : 3-Axis M anoeuvre showing [A] Tilt Angle, [B] Tilt Rate, [C] Euler 
Angles, [D] Torque Generated, [E] Wheel Speed.
where the change in the speed of the spinning wheel from the initial value to a maximum speed 
of 783.2 RPM was responsible for the 10° slew manoeuvre along the yaw axis.
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5 .5 .1 .2  P I D  R o l l  A x is  A t t i t u d e  C o n t r o l  C a p a b i l i t y
The classical PID control law numerical simulation for a 1-axis scenario is shown in this section. 
To achieve a 30° slew manoeuvre about the satellite roll axis with 0° initial attitude and assuming 
that the main spinning wheel initial angular velocity is 5500 RPM.
The system performance is as shown in Figure 5.14 with maximum torque of 52.6 mNm
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Figure 5.14: 1-Axis P ID : 30° Roll M anoeuvre showing [A] Tilt Angle, [B] Tilt Rate, [C] 
Euler Angles, [D] Torque Generated, [E] Wheel Speed.
generated by the tilted wheel about the roll axis to perform the required slew manoeuvre. In 
achieving this, a maximum tilt rate of 5.9°/s about the wheel P axis relative to the satellite pitch 
axis is required.
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5 .5 .1 .3  P I D  P i t c h  A x is  A t t i t u d e  C o n t r o l  C a p a b i l i t y
Performance of the pitch manoeuvre is quite similar to that of roll manoeuvre with same initial 
conditions. Also using the simulation parameters of Table 5.1, and assuming the main spinning 
wheel initial angular velocity is 5500RPM and if the satellite initial attitude is 0°, the required 
attitude of 30°, and the tilt angle initial values of [0° 0°]. The pitch manoeuvre of Figure 5.15
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Figure 5.15: 1-Axis P ID : 30° P itc h  M anoeuvre showing [A] Tilt Angle, [B] Tilt Rate, [C] 
Euler Angles, [D] Torque Generated, [E] Wheel Speed.
shows that the satellite was able to achieve the required 30° pitch manoeuvre with a torque of 
49.4 mNm generated along the pitch axis by tilting the spinning wheel at a tilt rate of 5.6°/s 
about the wheel roll (a) axis relative to the satellite roll axis.
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5 .5 .1 .4  P I D  Y a w  A x is  A t t i t u d e  C o n t r o l  C a p a b i l i t y
Attitude control about the yaw axis is achieved by varying the angular velocity of the spinning 
wheel. The slew manoeuvre about this axis does not require the tilt mechanism because it is the 
third component of the 3 DoF capability of the tilted wheel that is orthogonal to the tilting plane 
axes. Using the simulation parameters of Table 5.1, we will assume that the main wheel initial an-
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Figure 5.16: 1-Axis P ID : 30° Yaw M anoeuvre  showing [A] Tilt Angle, [B] Tilt Rate, [C] 
Euler Angles, [D] Torque Generated, [E] Wheel Speed.
gular speed is 5500 RPM and the satellite initial attitude is nominally 0° in all three principal axes.
The required attitude of 30° about the yaw axis is achieved as shown in Figure 5.16 with 
a torque of 42.7 mNm generated along the yaw axis by changing the angular velocity of the
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spinning wheel. The spinning wheel maximum angular velocity for the required manoeuvre is 
about 8670 RPM.
5.5 .2  LQ R  C ontrol Scenario
This section describes the tilted wheel numerical simulation using M A T L A B /SIM U L IN K  
domain. It shows the wheel capability in generating control torques to achieve the satellite required 
slew manoeuvres. The 3D torque capability of the wheel and also single axis slew capability are 
shown and discussed. A satellite platform of 90 kg mass is used [14] for this numerical simulation. 
The block diagram shown in Figure 5.17 describes the satellite attitude control system with the 
tilted wheel system used as the principal actuator with a block representing the attitude sensor 
responsible for determining or propagating the satellite attitude and attitude rate.
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5 .5 .2 .1  L Q R  3 - A x is  A t t i t u d e  C o n t r o l  C a p a b i l i t y
The feedback control law described in Section (5.3.2) for satellite three-axis attitude control is 
implemented using the tilted wheel mathematical models described in Section (4.4) to achieve 
the required torque commanded by the controller. Numerical simulation results of the torque and 
other parameters generated in all three axes of the satellite are as shown in Figure 5.18. This
[A] Tilt Angle [B] Tilt Angle Rate
35 
30 
25 
20 
1 15
[C] Euler Angle
10
5
0
-5
---------^LQR .
---------®LQR
---------^LOR
/X
0.05
[D] Torque
E
z
10 20
t(s)
30 40
-0.05
P
\
:
I
--------- '•'Ûq r
--------- ■''lq r
--------- ■’’lo r
\ J
u  /  
\ ' ' 1
10 20
t(s)
30 40
Figure 5.18: 3-Axis LQR: 3-Axis M anoeuvre  showing [A] Tilt Angle, [B] Tilt Rate, [C] 
Euler Angles, [D] Torque Generated.
demonstrates three-axis torque capability of the tilted wheel system. Given an initial satellite 
attitude of [0° 0° 0°] for roll, pitch and yaw respectively and a commanded attitude of [30° 20° 
10°] (different attitude setpoint chosen for each axis to easily identify individual axis performance) 
for roll, pitch and yaw axis respectively. All other simulation parameters are as shown in Table 
5.1. The system maximum torque of 49 mNm is generated by the tilted wheel about the roll axis 
to perform the required slew manoeuvre of 30°. This is achieved via a tilt of the main spinning 
wheel about the wheel y-axis relative to the satellite pitch axis at a maximum tilt rate (^) of 
4.7°/s. All other manoeuvres are achieved accordingly using the tilt mechanisms and the varying 
spinning wheel speed respectively.
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5 .5 .2 .2  L Q R  R o l l  A x is  A t t i t u d e  C o n t r o l  C a p a b i l i t y
Using the numerical simulation parameters of Table 5.1 to achieve a 30® slew manoeuvre about 
the satellite roll axis with 0° initial attitude and an assumption that the main spinning wheel 
initial angular velocity is 5500RPM which is equivalent to the operational constant speed of the
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Figure 5.19: 1-Axis LQR: 30° Roll M anoeuvre showing [A] Tilt Angle, [B] Tilt Rate, [C] 
Euler Angles, [D] Torque Generated, [E] Wheel Speed.
redundant spinning wheel. The system performance shows that the tilt mechanism about the
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wheel y-axis is required to perform this manoeuvre.
The plot profile of Figure 5.19 shows that the satellite will achieve the required 30° roll manoeuvre 
setpoint by generating a torque of 50.5 mNm through tilting of the spinning wheel at a rate of 
5.68°/s about the wheel y-axis at angle (^ d) relative to the satellite pitch axis while the speed of 
the spinning wheel increased from the initialised value to a maximum of 703.15 rad/s.
5.5.2.3 LQR Pitch  Axis A ttitude Control Capability
To achieve a slew manoeuvre about the satellite pitch axis, the spinning wheel must be tilted 
about the wheel axis relative to the satellite roll axis according to the actuator equation of motion 
described in Section 4.4. The performance profile of the pitch manoeuvre is quite similar to that 
of roll manoeuvre with the same initial conditions. Using the simulation parameters of Table 5.1, 
with the assumption that the main spinning wheel has an initial angular velocity of 5500 RPM, 
the satellite initial attitude is 0° about all the three principal axes, the tilt angle initial values 
of [0° 0°] about the wheel roll and pitch tilt angles respectively. The required attitude setpoint 
about the pitch axis is 30°
Figure 5.20 shows that the satellite will achieve the required 30° pitch manoeuvre setpoint 
with the tilted wheel generating a torque of 45.5 mNm by tilting the spinning wheel at a rate 
of 5.17°/s about the wheel x-axis (a) relative to the satellite roll axis while the speed of the 
spinning wheel increased from the initialised value to a maximum of 684.9 rad/s.
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Figure 5.20: 1-Axis LQR: 30'^  P itc h  M anoeuvre showing [A] Tilt Angle, [B] Tilt Rate, [C] 
Euler Angles, [D] Torque Generated, [E] Wheel Speed.
5.5.2.4 LQ R  Yaw Axis A ttitu d e  C ontro l C apability
The slew manoeuvre about the satellite yaw axis completes the three-axis control capability of 
the system. This can be achieved without the tilt mechanism but through spin up or spin down 
of the spinning wheel. If we assume that the spinning wheel initial angular velocity is 5500 RPM 
and the satellite initial attitude is nominally 0° in all three principal axes, the tilt angle initial 
values of [0° 0°] and the required yaw attitude is 30°.
Eigure 5.21 shows that the satellite will achieve the required 30° yaw manoeuvre demand 
without the use of the tilt mechanism as seen in Figures 5.21 [A] and [B]. The torque requirement
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Figure 5.21: 1-Axis LQR: 30° Yaw M anoeuvre showing [A] Tilt Angle, [B] Tilt Rate, [C] 
Euler Angles, [D] Torque Generated, [E] Wheel Speed.
for the slew manoeuvre is 39.5 mNm by increasing the speed of the spinning wheel from the initial 
state to a maximum rate of 896.6 rad/s. The tilt mechanism will not necessarily be required for 
this manoeuvre.
8 1
5.5.3 H PB Control Scenario
This section shows some of the simulation results got using both the tilted wheel equations of 
motion and the developed HPB control theory. The manoeuvreability of the control theory 
is tested using the 3-axis capability scenario, the roll axis capability scenario, the pitch axis 
capability scenario and the yaw axis capability scenario. The simulation parameters defined in 
Table 5.1 will be used for each scenario.
5.5.3.1 H PB  3-Axis A ttitude Control Capability
The three axis control capability of the tilted wheel using the HPB control theory is described in 
this section. The numerical simulation results of torque and other parameters generated in all 
three axes of the satellite are as shown in Figure 5.22.
These results showed three-axis torque capability of the tilted wheel system given an ini­
tial satellite attitude of [0° 0° 0°] about the three principal axes respectively and a commanded 
attitude of [30° 20° 10°] (also note that different attitude manoeuvre setpoint chosen for each 
axis to easy identify individual axis performance) for roll, pitch and yaw axis respectively. The 
torque requirement is 49.7 mNm, 36.6 mNm, and 6.72 mNm for the 30° roll, 20° pitch and 10° 
yaw manoeuvre respectively. The rate of tilting the spinning wheel about the satellite X and Y 
plane axes is 3.49°/s and 5.31°/s about the wheel roll and pitch axis respectively. The maximum 
angular speed for the manoeuvre was 788.7 rad/s.
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Figure 5.22: 3-Axis H PB : 3-Axis M anoeuvre  showing [A] Tilt Angle, [B] Tilt Rate, [C] 
Euler Angles, [D] Torque Generated, [E] Wheel Speed.
5.5.3.2 H P B  R oll Axis A ttitu d e  C ontro l C apability
Using the numerical simulation parameters of Table 5.1 to achieve a 30° slew manoeuvre about 
the satellite roll axis with 0° initial attitude about all the three principal axis and an assumption 
that the main spinning wheel initial angular velocity is 5500 RPM.
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The system performance is as shown in Figure 5.23 with maximum torque of 51.6 mNm
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Figure 5.23: 1-Axis H PB : 30° Roll M anoeuvre showing [A] Tilt Angle, [B] Tilt Rate, [C] 
Euler Angles, [D] Torque Generated, [E] Wheel Speed.
generated by the tilted wheel about the roll axis to perform the required slew manoeuvre. This 
is achieved via a tilt of the main spinning wheel about the wheel y-axis relative to the satellite 
pitch axis at a maximum tilt rate {$) of 5.3°/s. While the angular speed of the spinning wheel 
increased from the initial rate to a maximum of 706.5 rad/s for this manoeuvre.
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5 .5 .3 .3  H P B  P i t c h  A x is  A t t i t u d e  C o n t r o l  C a p a b i l i t y
The manoeuvre about the pitch axis using the HPB control theory is achieved but similar to 
the plot profile generated for the HPB roll axis manoeuvre. But the difference is that the pitch 
manoeuvre is achieved by tilting the spinning wheel about the wheel x-axis relative to the satellite 
roll axis. Using the simulation parameters of Table (5.1), and assuming the main spinning wheel
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Figure 5.24: 1-Axis H PB : 30° P itch  M anoeuvre showing [A] Tilt Angle, [B] Tilt Rate, [C] 
Euler Angles, [D] Torque Generated, [E] Wheel Speed.
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has an initial angular velocity of 5500RPM, and the satellite initial attitude is 0° in all three 
principal axes, the tilt angle initial values of [0° 0°] and while the required attitude is 30° about 
the pitch axis.
The plot profile of Figure 5.24 shows that the satellite will achieve the required 30° pitch 
manoeuvre setpoint with the tilted wheel generating a torque of 49.82 mNm by tilting the 
spinning wheel at a rate of 5.26°/s about the wheel x-axis (at an angle a) relative to the satellite 
roll axis. The angular speed of the spinning wheel increased from the initial state to a maximum 
of 692 rad/s for this manoeuvre.
5.5.3.4 H PB Yaw Axis A ttitude Control Capability
The slew manoeuvre about the satellite yaw axis completes the three-axis control capability 
of the system. This can be achieved without the tilt mechanism but through spin up or spin 
down of the spinning wheel. If we assume tha t the spinning wheel initial angular velocity is 
5500 RPM and the satellite initial attitude is nominally 0° in all three principal axes, the tilt 
angle initial values of [0° 0°] about the wheel x-axis and y-axis respectively. The required yaw 
attitude setpoint is 30°. The performance result shown in Figure 5.21 reveals that the satellite 
will achieve the required 30° yaw manoeuvre demand without the use of the tilt mechanism as 
seen in Figure 5.21 [A] and [B]. The torque requirement to achieve the slew manoeuvre is 42.73 
mNm by increasing the speed of the spinning wheel from the initial sped to a maximum of 907 
rad/s.
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5.5 .4  LQ R  and H P B  T h eory  C om parison
In this section the performance of the classical LQR control theory, the developed HPB control 
theory and the HPBS control theory were compared. The parameters compared are the control 
capability, the computation time, the settling time and the Ri profile for each control theory. All 
the control theories are shown on the same plot profile higlighting the performance of each.
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5.5.4.1 1-Axis H PB Scenario
Using the HPB theory, simulations were run for 1-axis roll control. Figures (5.26) to (5.28) show 
the results. It is clear that the HPB control law tracks the reference signal better than LQR. For 
the 1-axis roll scenario, a sliding mode addition has also been implemented to help compensate 
for torque disturbances in the system. The HPBS (S for sliding mode) scenario has been run 
with a white noise torque disturbance and using the addition to the control law given in the 
proof in Appendix A. Results show only marginal differences in the initial rise times and final 
overshoot of the signals, but a clear ability to reject disturbances.
In terms of R  in Figure (5.26), HPB dynamically gain-schedules R, whereas in LQR R
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Figure 5.26: 1-Axis H PB and HPBS: 30® Roll M anoeuvre Showing R Magnitude.
is a function of the inertia of the system that is constant. HPB does this by optimally control­
ling the torque demand on the actuator. The maximum R  occurs at approximately 12 s; this 
corresponds to point of minimum torque as seen in Figure (5.27 [D]). Performance-wise, R  for 
the HPBS scenario has a slightly smaller steady-state value than HPB, however takes slightly 
longer to process.
Figure (5.28) shows the computation time and average computation times. The Y-axis shows tc, 
the time (in ms) the control law algorithm takes to process. The computation time for HPB is 
on average 60 times faster than classical LQR. The computation time signals follow a set pattern; 
as the vehicle becomes closer to the final set-point there is a decrease in both amplitude of the 
signal (time to compute) and frequency of the signal (due to the variable-step solver using larger 
steps). HPBS takes slightly longer than HPB due to the addition of the sliding mode term.
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5.5.4.2 3-Axis LQR and H PB Scenario Comparison
Figures 5.30 to 5.31 show the 3-axis control results which are very similar to the 1-axis results. 
HPB is more accurate and commands a faster rise time and faster settling time. One can also 
clearly see that each Ri is individually gain-scheduled for each axis in HPB, unlike LQR tha t 
uses a constant R* =  l/J^ as shown in Figure 5.29.
In terms of computation time, the 3-axis LQR manoeuvre takes 12 times longer to pro-
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Figure 5.28: Computation Time for 1-Axis H PB and HPBS: 30° Roll M anoeuvre
showing computation time and averages of computation time, tc is the time in ms  the control 
law algorithm takes to process, where as t is the simulation run time.
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Figure 5.29: 3-Axis HPB: 3-Axis M anoeuvre Showing R M agnitude
cess than the 1-axis version of the LQR control as shown in Figure 5.28 and Figure 5.31.
The 3-axis HPB manoeuvre is however still 20 times faster than the 3-axis LQR manoeu­
vre. The sliding mode addition in the 1-axis scenario was to simply demonstrate that disturbance 
rejection can be incorporated if needed for enhanced robustness to bounded noise or disturbances; 
it has not been added to the 3-axis controller.
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5.6 Conclusion
This chapter introduced some of the control theories that were used to compute the control 
commands for the operation of the proposed actuator. The control torque generated by the 
tilted wheel are used to control and stabilise the attitude and attitude rate of the satellite model 
described in Section 4.2. In addition to the proposed actuator design, a new LQR control theory 
has been developed that extends classical LQR and the work done at MIT [54] for the control of
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an F18 aircraft to control the attitude of a rigid satellite. The new control law has faster rise 
and settling times, gain-schedules the control input weightings to optimise its performance, and 
computes much faster than classical LQR. A sliding mode version of HPB was also presented to 
compare the performance of the existing control laws and the newly proposed HPB control law. 
Simulations results confirmed the performance of HPB-type controllers for both 1 axis and 3 axis 
scenarios and it showed improved performance compared to the classical LQR controller. Going 
by the performance of the newly developed HPB controller, it will enhance the longevity of the ac­
tuator based on the scheduled gain and not on constant gain as obtainable with the classical LQR.
Possible trade-offs or parameters combination that will optimise the operation and the perfor­
mance of the tilted wheel in practise were highlighted. Also discussed in this chapter was the 3 
DoF space representation of the torque and angular momentum availability depicting the wheel 
capability in all three principal axes of a rigid satellite.
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Chapter 6
Tilted W heel Hardware D esign and 
Build
Chapter 4 described the theory behind the tilted wheel and the concept involved in the torque 
generation mechanism. Chapter 5 went further to develop some control laws that used the 
developed tilted wheel model to control the attitude of a rigid satellite also described in this thesis.
This chapter will now describe the mechanical design, build and integration of the proposed 
tilted wheel. The trade-offs performed in selecting the best tilt mechanism used in the build of 
the tilted wheel prototype were discussed. Also described in this chapter is the systematic sizing 
of the motors used to generate rotary motion in the system. The selection procedure used to
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Figure 6.1: Block D iagram  R epresen ta tion  of th e  T ilted  W heel System : Showing the 
interconnection of the components.
determine the specification of other mechanical elements used to build the actuator including the 
power requirement, signals description and connections of all components are highlighted in the
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chapter. All the components used in the tilted wheel assembly are as represented in the block 
diagram shown in Figure 6.1.
The systematic design and build of the actuator prototype followed a simple algorithm de­
scribed in the flow chart of Figure 6.2.
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6.1 M echanical D esign  O verview
The mechanical build of the tilted wheel system must be able to support the actuator objective 
of generating control torques and transferring same to the body of the attached platform. For 
this design, the tilt mechanism option will be able to support the required rigidity and simplicity 
of the tilted wheel system.
A prototype of the tilted wheel is built using a BLDC motor, a pair of stepper motors and a pair 
of incremental encoder. All the components used in the build of the tilted wheel are sized and 
selected based on affordability and availability so as to keep the design simple, thereby reducing 
the overall mass and cost of the system. More information about the individual components 
used in the prototype build is available in the next sections. Also used in the build of the tilted 
wheel are ball bearings that provide pivotal and structural support to the moving parts in each 
of the tilt axis and also to ensure smooth performance and structural integrity of the design. 
Mounting brackets are used to support and tightly secure the ball bearings to the tilted wheel 
main structure and also to secure the encoders to the tilting shafts as discussed in Section 6.6.
6.2 T ilt M echanism
There are several tilt mechanisms available that can be used to rotate the spin axis of the spinning 
wheel. Some of the tilt mechanism considered and the trade-offs used in determining the best 
tilt mechanism for the design will be discussed in this section. The tilt mechanisms considered 
include the linear actuator mechanism, the magnetic bearing mechanism, and the rotary motor 
system mechanism.
6.2 .1  Linear A ctu a tor  M echanism
The first tilt mechanism option considered was the electrically controlled linear actuators that 
rotates the spin axis of the spinning wheel. The linear actuator option considered used a minimum 
of four independently operable linear motors that are connected between the top plate carrying 
the spinning wheel and the bottom structure of the whole assembly that is directly connected to 
the satellite body.
As shown in Figure 6.3, each of the linear motors is attached to the base of the plate carrying the 
spinning wheel using a ball and socket joint that allows some degrees of freedom about multiple 
axes of the wheel housing relative to the linear motor. The other end of the linear motor is 
directly attached to a plate that is fixed to the satellite body frame by a pair of hinges or flexible 
brackets that allow the system to achieve rotary motion any time the linear motor rods are 
extended or retracted depending on the required operation. The top of the four linear actuators 
are connected to the edges of the rectangular plate carrying the spinning wheel with the linear 
actuator axes parallel to the spin axis of the wheel when not operational. With this setup, the 
spinning wheel axis and its support will be orthogonal to the satellite X and Y plane axes. A 
minimum of two linear actuators will be required at a time to achieve a tilt about any of the 
satellite X and Y plane axes. This will be performed either by extending or retracting the linear 
motor rods that will tilt the plate carrying the spinning wheel, thereby rotating the wheel spin 
axis. The rotation of the spin axis of the spinning wheel will result into control torque being
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Figure 6.3: CAD Drawing of Linear Actuator Tilt Mechanism
generated about the axis orthogonal to the spin axis of the spinning wheel and the tilt axis.
The problem associated with this concept is due to inevitable mechanical misalignment of 
the linear actuator that will result into motion error in the system. In addition to the error due to 
the mechanical misalignment, the use of ball and socket joints will also amplify the motion error 
generated and reduce the rigidity of the system thereby reduce the amount of torque transferred 
to the satellite body. In addition to the rigidity problem, a large space will be required to 
accommodate the concept thereby increase the size and mass of the design. Wittman and Mark 
[100] in their patent used a similar tilt mechanism with less details on how the system will be 
able to generate rotary motion which is a very fundamental factor.
The plate carrying the spinning wheel could also be tilted through a larger angles using other 
linear actuator alternative solution like the scissor mechanism shown in Figure 6.4. Due to the 
working height and the size of the plate, the platform can be one-scissor, two-scissor, three-scissor, 
four-scissor or tandem one. Individual components of the scissor mechanism are bound together 
by pins to allow for the extension of the system. But the major issue with this mechanism is 
that it will require large space to operate just like the linear actuator concept.
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Figure 6.4: Scissor Mechanism: showing other linear motor alternative solution for larger tilt 
angles
6.2 .2  M agn etic  B earing  M echanism
The magnetic bearing concept uses the principle of electromagnetism to tilt a rotating flywheel 
platform. This involves the use of active magnetic bearing to support and tilt the rotating wheel 
that will in turn rotate the angular momentum generated by the flywheel thereby generating 
torque about the axis orthogonal to both the flywheel axis and the tilt axis. Jon Seddon [72] 
in his work described the use of the active magnetic bearing concept tha t takes advantage of 
the elimination of contact between movable parts that will require no lubrication and so allows 
increase in the spin rate of the wheel. A CAD drawing representation of the magnetic bearing tilt 
mechanism of Figure 6.5 shows that the spinning wheel is centrally held by a spring that has its top 
secured to the base of the flywheel, while the bottom of the spring is fastened to the tilted wheel
Figure 6.5: CAD Drawing of M agnetic Bearing Tilt Mechanism
base that interfaces with the satellite body. The spring supports the spinning wheel in achieving 
two degrees of freedom by allowing it to be tilted about x-y plane axes, and also to centrally hold 
the flywheel in position during spin about its nominal spin axis. Solely responsible for tilting the 
spinning wheel are four units of independently controlled magnetic coil with two units aligned to
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each of x and y axes respectively. When current is applied to the coil, magnetic attractive forces 
are generated that magnetize the base of the spinning wheel due to its magnetic properties. Also, 
when the current applied is reduced, the attractive property generated will be relaxed accordingly.
As a result of magnetisation and demagnetisation of the flywheel base by the generated mag­
netic forces, it creates a tilt of the spinning wheel thereby rotating the spin axis of the wheel 
according to the magnetic force. Further detail of similar magnetic bearing was described by [102].
The generated tilted angle will be sustained by continuously applying power to the magnetic coil 
and this forms the major shortcoming of this concept. Other constraints associated with this tilt 
concept include complexity of the design, and high power required to support high rigidity that 
is necessary for torque transfer between the magnetic bearing tilt platform and the satellite body. 
This means that the more rigidity required in the system for torque transfer, the more power 
needed by the magnetic coil to generate high attractive forces. In addition to power requirement, 
size and mass of the concept will be large due to the magnetic coil required to generate large 
attractive force.
6.2 .3  R otary  M otor M echanism
The third concept considered involves the use of a rotary system to achieve the required tilt 
angle and tilt rate for changing the wheel angular momentum to generate torque. This concept, 
unlike the first two concepts can use any type of rotary motor like the BLDC or stepper motor. 
If BLDC motor is to be used to generate the required rotary motion, a gear train will be required 
to step down the nominal operation speed of the motor to the required tilt rate. Considering the 
nature of the proposed actuator, two sets of gear trains with a set aligned to each of the axis 
orthogonal to the spinning wheel axis will be required.
Assembly -2 
Gear Train
s e m b ly l
Assembly -3 
Gear Train
Figure 6.6: CAD D raw ing of R o ta ry  System  T ilt M echanism
For illustrative purposes, it is assumed that the nominal operating speed of the BLDC motor is 
500 RPM, and the required maximum tilt rate is 1 RPM, a gear train of mechanical ratio 500 : 1 
will be needed to step down the speed of the BLDC motor. A CAD drawing representation of
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the motor rotary system concept showing the driver gear and the driven gear is shown in Figure 
6.6. This electromechanical tilt concept will only be operational if both the driver gear and the 
driven gear are in tandem.
The main issue with the use of a gear train in the setup includes the introduction of mo­
tion error into the tilt angle measurement as a result of gear backlash. In addition to the motion 
error, the nominal low speed of the BLDC motor could only guarantee low holding torque that 
will be insufficient to hold the tilt mechanism at the required tilt angle. The BLDC motors are 
not designed to operate at low angular speeds close to the maximum required tilt rate. Other 
available option is the use of a stepper motor when driven using micro-stepping controller will 
generate the required tilt rate with less motion error as highlighted in Section 6.4.3.
6 .2 .4  S election  C riteria
Based on the capability of each of the discussed tilt mechanisms in generating rotary motion to 
achieve the required tilt rate, trade-offs are performed to choose the best tilt option with the 
best performance, low power requirement, low mass and size. All these and other driving factors 
must be considered prior to a decision on the best tilt mechanism option for the proposed tilted 
wheel design without a compromise of the system performance.
For simplicity of the design, the driving factors used to determine the best tilt mechanism
MassA^olume This describes the total mass of the tilting system and the size that 
will directly affect the satellite overall mass
Power
Requirement
The overall power requirement of all elements that make up the 
system added together. Efficiency of the concept in regards to each 
component power requirement
Torque Transfer This is the ability to transfer generated torque fi*om the system to 
the satellite body with less power requirement
Torque Capability Amount of torque the system could generate taken into 
consideration the tilt capability and mechanism reliability
Rotary Motion The tilt mechanism requires rotary motion achieving the required 
tilt with less complexity in the design. How easily the concept 
could achieve rotary motion that translates to tilting of spinning 
wheel axis
Reliability Functionality o f the concept if there is failure of any of the 
components (how failure in the system can be isolated). It defines 
the capability of achieving the set objective in the face of a 
component failure
Mechanism
Simplicity
This describes the overall simplicity o f the system considering the 
mechanical elements used, number o f joints, pivots and hinges 
which will add to complexity in the design
Table 6.1: T ilt Selection D riv ing  F actors D efin ition
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are defined in Table 6.1. These driving factors are the parameters required to determine the 
best tilt mechanism devoid of design complexity, easily achieved without loss of system rigidity. 
The driving factors are used in the weighting matrix based on their importance in achieving the 
required tilt angle and tilt rate.
The weighting process is specific for the baseline used in the design scenario. Evaluation
M ass/Volum e Average Average Efficient
Power Requirement Efficient Average Efficient
Torque Transfer Admissible Average Efficient
Torque Capability Average Admissible Efficient
Tilt Motion Problematic Admissible Efficient
Mechanism Simplicity Average
Complexity
High
Complexity
Low
Complexity
Reliability Low
Reliability
Average
Reliability
High
Reliability
Table 6.2: W eighting M atrix  for T ilt M echanism  Selection
of each tilt option shown in Table 6.2 reveals that the rotary system will guarantee the required 
tilt rate at best components performance using the driving factors highlighted in Table 6.1. 
Evaluation of each driving factor is based on their importance to the design and how each tilt 
option performs. Prom the weighting table, it can be seen that the rotary motor option is the most 
efficient in terms of mass and volume conservation, because the linear actuator option will require 
large space to operate during extension and retraction of the lifting shafts. Also the number of 
turns required for the magnetic bearing windings must be large enough to guarantee the gen­
eration of required magnetic force. This will translate to lincreased mass and volume of the system.
Considering all other driving factors used in the evaluation process, it can be seen that the 
rotary motor option has the best performance in terms of power requirement, torque transfer, 
ability to generate required torque, tilt motion that rotates the plate carrying the spinning wheel, 
reliability and simplicity of the concept.
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6.3 Final T ilt M echanism
The rotary motor tilt mechanism will require a pair of stepper motors with a unit aligned to 
each of the wheel x-axis and y-axis respectively. The tilted wheel is made up of two rotary 
assemblies responsible for rotating the spinning wheel about the wheel x-y plane axes. The first 
tilt mechanism which is the inner tilt mechanism is directly responsible for a tilt about the wheel 
x-axis as shown in figure 6.6.
The spindle of the stepper motor that is mounted on the wheel x-axis is rigidly fixed to a 
mounting bracket that is also rigidly fixed to the bottom of the plate carrying the spinning wheel 
(Asembly-1). But the stepper motor itself is attached to the body frame of Assembly-2.
Figure 6.7: CAD D raw ing R ep resen ta tio n  of M echanical A ssem bly-1
A rotation by the stepper motor will rotate all components directly attached to its spindle 
including the mounting bracket, the plate carrying the spinning wheel and also the spinning 
wheel (the whole of Assembly-1). A rotation of the spin axis of the spinning wheel will thereby 
generate torque about the wheel y-axis that is orthogonal to both the spin axis of the spinning 
wheel and the rotation axis of the stepper motor.
The outer tilt mechanism consists of a stepper motor that is mounted to the wheel y-axis 
but attached to the frame of Assembly-3. The stepper motor is responsible for rotating Assembly- 
2 with the attached Assmebly-1 about y-axis. Similar to how Assembly-1 is rotated, the spindle 
of the stepper motor aligned to the y-axis is connected to a mounting bracket that is rigidly con­
nected to the structure of Assembly-2. A rotation by the stepper motor will rotate the connected 
mounting bracket that interfaces the spindle and Assembly-2 composite. When Assembly-1 
is nominally stationary, any rotation of Assembly-2 will rotate the spin axis of the spinning 
wheel about the wheel y-axis thereby generating torque about the x-axis that is orthogonal to 
the spin axis of the spinning wheel and the rotation axis of the stepper motor. The frame of 
Assembly-3 has the y-axis stepper motor attached to it with the spindle connected to a shaft 
that is responsible for rotating Assembly-2 platform. Assembly-3 is equally the interface that is 
directly connected to the satellite body frame, which is responsible for the transfer of generated 
torque. When the stepper motor is energised, it creates a high holding torque tha t is able to 
hold the spinning wheel during a tilt and at a required tilt angle. Sizing of the required holding
1 0 1
Figure 6.8: CA D  D raw ing R ep resen ta tio n  of M echanical A ssem bly-2
torque for each stepper motor is done in Section 6.4. Based on the required commanded tilt 
rate, the stepper motor when energised will rotate the attached platform accordingly thereby 
generating torque based on the product of the tilt rate and the angular momentum stored by the 
spinning wheel.
6.4 Stepper M otor
The maximum tilt rate for this design is assumed to be 1° js  (1.16 RPM or 0.122 rad/s) based 
on the simulation performance of a maximum tilt angle requirement of 35°. This low speed 
performance was a significant issue, as most electric motors are not designed to operate at low 
speed, except for stepper motors as mentioned in Section 6.2.3. BLDC motor with a gearhead 
was first used for the tilt mechanisms, but due to some identified issues like the presence of gear 
backlash that was physically visible in the first version of the prototype that generated large 
motion error and inaccurate tilt angles. Another major problem was encountered when BLDC 
motor with a gearhead was used because the system was unable to generate the required holding 
torque to hold the assembly at required tilt angle and also to support torque transfer from the 
tilted wheel body frame to the satellite body frame or attached platform. Considering all the 
mentioned associated problems with the use of a BLDC motor with a gearhead, another type of 
rotary motor, a stepper motor, was therefore selected for use.
When choosing a stepper motor for a predetermined mission, the power and torque output 
that is required at a given speed must be known with the electrical characteristics that will be 
appropriate to achieve the required torque. The simplified calculations needed to have an idea of 
power and torque output that dictate the stepper motor sizes is described in this section.
As earlier mentioned, the tilted wheel mechanical structure is made up of three major as­
semblies that have two tilt mechanisms. The first two assemblies (inner and outer moving parts) 
are responsible for tilting the spinning wheel while the third assembly is the structure where the 
stepper motor that rotates the outer tilt mechanism is attached. The third assembly equally
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serves as the primary structure for the tilted wheel, as well as an interface to the satellite body 
frame. The inner moving part (Assembly-1 or Moving Part- 1 (MP-1)) comprises of the flywheel, 
the plate that carries the spinning wheel, the BLDC motor, and the mounting brackets. The 
total mass of the MP-1 is calculated to be 0.473 kg. The outer moving part (Assembly-2 or 
Moving Part-2 (MP-2)) is made up of the total mass of Assembly-1, Assembly-2 frame, stepper 
motor-1 (that rotates Assembly-1), incremental encoder that measures MP-1 rotation and the 
mounting brackets for MP-1.
6.4 .1  H old ing Torque S izing
To determine the minimum required torque for a stepper motor, the values of the following 
torque components must be known for each Assembly part that is rotated by each stepper motor. 
Newton’s second law of motion is the basic equation used for this computation [58].
^  ^ f r i c  T  ^ i n e r t i a  (6 1)
6.4.1.1 Initial friction (Stiction)
This type of torque component must be overcome and thereafter sustain the drive against the 
friction of the moving part- 1 (MP-1) and against any other cutting forces.
The frictional component of the torque is given as:
N f r i c  =  F f r i c  • r/{2pi • e) (6.2)
while the frictional force Ffyic is calculated using:
Ffric — - g -Fc (6.3)
where, r is the radius of the shaft connecting the MP-1, e is the efficiency of conversion of the 
rotation by the motor to rotation of MP-1, Fc is the friction (kinetic) coefficient and g is the 
acceleration due to gravity given as 9.8 ms“^
If the total mass of M P  — 1 is calculated to be 0.473 kg, and the friction coefficient Fc is assumed 
to be 0.2 for cast iron on cast iron, using Equation (6.3), the frictional force Ffric is calculated 
to be 0.927 N.
The efficiency of conversion of the rotation by the stepper motor to rotation of the MP-1 (e) is 
taken as 95% , the torque friction component can then be calculated as 0.38 mNm using the 
result of the calculated frictional force and Equation (6.2).
6.4.1.2 The Inertia torque component
The tendency of the moving part-1 to remain at rest must be overcome. This is true even if the 
friction force is zero. The moment of inertia (Jm p - i ) of the MP-1 got from SolidEdge CAD 
model is 3.2 x 10“  ^ kgm^.
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There must always be a correlation between the speed of the moving part and the ideal acceleration 
to avoid loosing steps, but must give rapid direction change for accuracy. For the stepper motor 
sizing, the acceleration phase is assumed to happen within the first full step of the stepper motor 
(0.1 ms), and if the maximum required angular velocity is 7 ° /s  (0.122 rad/s). The acceleration 
(Acc) is therefore calculated as 1220 rad/s^.
The torque required to achieve the calculated acceleration against the inertia load is calculated 
using:
^ { in e r t ia )  '^ {M P —1) ’ -^ CC
The inertia torque component is calculated to be 39 mNm.
(6.4)
The total torque component is calculated using Equation (6.1) as 39.3 mNm.
The calculated total torque component is multiplied with a design factor of 2. So, the minimum 
holding torque required from the stepper motor-1 to rotate the MP-1 at the required maximum 
angular velocity will be 78.6 mNm.
Similar to how the stepper motor is sized for rotating the MP-1, the same concept is used 
to determine the minimum holding torque required to rotate MP-2 or the outer tilt mechanism 
(Assembly-2).
Assembly-2 is jointly made up of Assembly-1 (0.473 kg), Assembly-2 frame (0.431 kg), step­
per motor-1 (0.2 kg) (that rotates Assembly-1), incremental encoder (0.015 kg), the mounting 
brackets for Assembly-1 (0.009 kg x 4). The maximum required angular velocity of the stepper 
motor is taken to be 7°/s, using Equations (6.1), (6.2), and (6.4), the total torque component 
for stepper motor-2 that will rotate MP-2 is calculated to be 73.17 mNm. Multiplying the total 
torque components with a factor of 2, the minimum holding torque required by a stepper motor 
that will be used to rotate Assembly-2 at the required maximum tilt rate of 7°/s will be 146.34 
mNm. The summary of the required stepper motors specification that will adequately rotate 
each Assembly is given in Table 6.3.
Stepper Motor-1 78.6 7
Stepper Motor-2 146.37 7
Table 6.3: Sum m ary  o f C alcu lated  S tep p e r M oto rs  H olding T orque
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6 . 4 .2  S e l e c t e d  S t e p p e r  M o t o r s
Based on the calculated minimum holding torque requirements, the stepper motors are selected 
to rotate the described moving parts. For the inner tilt mechanism, a 60 mNm Nema 11 DC 
Stepper Motor (1117512 — 06745) is selected for use. This stepper motor is a Bipolar (4-Leads) 
motor with a Voltage/Phase of 3.8 V, Current/Phase of 0.67 A, and a total weight of 110 g. 
Though the stepper motor maximum holding torque is far below the calculated holding torque 
of 78.6 mNm. This is 0.76 of the calculated minimum holding torque required by the inner tilt 
mechanism. Selection of the stepper motor used is largely due to availability, affordability and 
the size of the available mounting space for the stepper motor. The effect of using a stepper 
motor with less holding torque will be discussed in Chapter 7.
Stepper Motor-1 60
Stepper Motor-2 230
Table 6.4: Sum m ary  of Selected S tep p er M otors H olding Torque
Based on the calculated minimum holding torque of 146.34 mNm required for the outer tilt 
mechanism, a 230 mNm Nema 14 DC Stepper Motor (1477517 — 05045) is selected with a holding 
torque higher than the minimum calculated holding torque for Assembly-2. The selected stepper 
motor for the outer tilt mechanism has a holding torque capacity that is 1.57 times the calculated 
minimum holding torque required by the system. This will surely give a better performance 
about the wheel y-axis compared to the stepper motor aligned to the wheel x-axis. The summary 
of the selected stepper motors specification for rotating each moving part is described in Table 
6.4.
6.4 .3  S tepper M otor C ontrol
A stepper motor as shown in Figure 6.9 is considered as an electric motor that responds to a 
pulse input signal by rotating it’s output spindle over some elementary angle 0. The spindle angle 
depends on the number of steps taken per revolution. For both Nema 11 DC Stepper Motor and 
Nema 14 DC Stepper Motor, the step angle is 1.8°, which translates to 200 steps per revolution.
Each of the selected stepper motors is powered and controlled by a microstepping driver called 
“Geckodrive” (G203V). The motor driver is a 12 terminals, new generation microstep stepper 
motor drive that can drive a 2-Phase hybrid permanent magnet (PM) step motor. It drives a 
synchronous pulse width modulation (PWM) design that is absolutely silent when the motor 
is stopped or turning slowly. It has no unusual STEP to DIRECTION timing restriction since 
stepping occurs at the positive edge of the step pulse.
The control command responsible for driving the stepper motor is computed by the controller 
in the Host Computer, it normally comes in the form of a step signal (square wave) but for a
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micro-stepping drive, the drive command can be in form of a sine wave for a quite stepping. The 
stepper motor driver divides each step command into 5 smaller (micro) step (microstep resolution). 
The motor step angle of 1.8° translates to 200 steps/revolution, therefore, 5 microsteps/step 
angle, gives 1000 microstep/revolution {jistep = 1000). The angular velocity of the spindle is 
proportional to the step rate (number of step per second), and this depends on the frequency of 
the applied pulse signal (T^u/gg) where the maximum stepper motor spindle angular velocity is 
calculated using [58]:
^  ( m a x —spindle)
27T
■ ^ {p u lse ) (6.5)
^'{step)
Equation (6.5) is used to determine the frequency of the pulse signal that drives the stepper 
motor based on the required spindle angular velocity.
The control command that drives the stepper motor is a digital signal (step signal) that is 
sent to the motor driver that is directly connected to the stepper motor winding. The stepper 
motor windings are connected to the motor driver (G203V) terminals 3 and 4 for the motor 
Phase A  and Phase A  respectively. While the G203V terminals 5 and 6 are connected to the 
motor windings Phase B  and Phase B  respectively as shown in Figure 6.9. The drive signal to 
rotate the stepper motor is connected to the motor driver (G203V) terminal 9, the direction of 
rotation command for either clockwise or anticlockwise rotation of the stepper motor is connected 
to G203V terminal 8, while the signals ground for the motor is connected to the driver terminal
Power Signal
Motor Driver 
(G203V)
Stepper Motor Control Signal
Figure 6.9: C onnections betw een th e  S tepper M oto r and  th e  M oto r D river: Showing 
connection of the stepper motor to the motor driver.
10. These three inputs to the motor driver are optically isolated from the rest of the drive. They 
operate with 2.5V, 3.3V or 5V logic outputs with 2.5mA minimum source drive current. The 
STEP input’s maximum rated frequency is 300 kHz with a 50% duty- cycle waveform. The 
motor driver (G203V) drives the stepper motor by steps on the 0 to 1 logic (positive) edge of the 
STEP signal. The performance and the capability of the stepper motors will be discussed in 
GhapterT accordingly.
The direction of rotation of the stepper motor is determined by the polarity of the control
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command, instead of using a dedicated digital line to control the rotation direction of the step 
drive, a negative control command will drive the motor in a counter clock wise direction while a 
positive control command will rotate the stepper motor in clockwise direction. This concept is 
implemented through the control software rather than hardware connection.
The stepper motors 4 wires for the motors winding Phase A, Phase A ~ , Phase B, Phase 
B~  are directly connected to the G203V terminals 3, 4, 5, 6 respectively. A continuity test must 
be carried out to ascertain the stepper motor wires pairing before connecting them to the motor 
driver since the wires are not properly labelled by the manufacturer.
6.5 Spinning W heel
The spinning wheel is made up of a high speed BLDC motor with a flywheel attached to the 
spindle of the motor as shown in Figure 6.10. The momentum envelope described in Section
5.1.1 is used here as the angular momentum baseline for the system sizing. It is therefore 
important for the spinning wheel to store equivalent of 0.46 Nms angular momentum which is the 
maximum angular velocity shown by the momentum envelope. The amount of angular momen­
tum stored by the spinning wheel is dependent of the rotational rate and the inertia of the flywheel.
The BLDC motor selected to rotate the flywheel is a Maxon E C  45 f la t  042.9 mm, brushless, 30 W att
Figure 6.10: M axon M otor and  th e  A ttached  Flywheel: The flywheel is tightly secured to 
the BLDC motor spindle with 2 x M3 lock screw at an angle of 90° to prevent the flywheel from 
flying off during nominal operation.
flat motor with integrated hall sensor that enhances the motor commutation. The flywheel is 
made of stainless steel material (304) with a density of 8000 kg/m^. The choice of material 
for the flywheel is due to availability, that is corrosion resistant, low cost and machinability. 
Figure 6.10 shows the Maxon motor and the attached flywheel that is the main source of angular 
momentum in the tilted wheel. The BLDC motor specifications and performance capabilities are 
shown in Table 6.5.
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Nominal Voltage 12 V
Nominal Speed 2940 RPM
Nominal Torque 55.5 mNm
No Load sp eed 438 0 RPM
No Load Current 146 mA
Max. Permissible speed 10000 RPM
Torque Constant 25.5 mNm/A
Speed Constant 374 RPM/V
Table 6.5: BLD C M oto r Specification: showing the nominal operating power rating and 
torque capacity
6.5.1 F lyw h eel D esign
The flywheel dimension as shown in Table 6.6 is generated from the system required angular 
momentum of 0.46 N m s  with the assumption that the minimum angular velocity of the motor is
Density- Steel (304) 8000 Kg.m-3
Inner Radius 90 mm
Outer Radius 100 mm
Thickness 10 mm
Height 20 mm
Spindle Hole Diameter 6 mm
Table 6.6: F lyw heel D im ensions: The flywheel is made of Stainless Steel (304) and machined 
according to the CAD design speciflcation
575 rad/s. The moment of inertia for the flywheel can be calculated using Equation (4.27):
hw   Jw^w (6 .6)
where hyj is the flywheel angular momentum, is the spinning wheel minimum angular velocity 
and Jyj is the flywheel moment of inertia. The design of the flywheel requires determining the 
optimum point where the inertia needs are met without adding unnecessary mass.
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The flywheel moment of inertia Jy^  is calculated to be 0.0008 kgm^ using Equation (6.6). 
By using a formatted excel spread sheet and Equation (6.7) where and Tout are the flywheel
Figure 6.11: CAD D raw ing of th e  F lyw heel before M achining: The flywheel is drawn to 
the calculated speciflcation.
inner and outer radius respectively, the flywheel dimension is computed to be 100 mm in diameter 
and 25 mm in height and 10 mm in thickness.
(6.7)
All the calculated parameters are used in the CAD drawing of the flywheel shown in Figure 
6.11, and to select the best material (stainless steel material (304)) that will suite the required 
performance before it is machined. The flywheel material must be non-magnetic to avoid induced 
noise that could result in any form of magnetic moment been generated.
The carefully machined flywheel as shown in Figure 6.10 is tightly secured to the BLDC 
motor spindle by two lock screw positioned at an angle of 90° to prevent the flywheel from flying 
off during operation especially at very high speed. It is also worth noting that during nominal 
operation, the speed of the BLDC motor spindle is same as the speed of the attached flywheel.
6.5 .2  Sp inn ing W h eel C ontrol (B L D C  M otor C om m utation)
The BLDC motor is controlled by an external controller that creates a rotating magnetic field, 
such that the magnet on the rotor will follow it. This means that controller should rotate the 
magnetic field at the exact same frequency as the permanent magnet is rotating. This will require 
knowledge of the angle of the rotor that is provided by the sensor in the motor assembly called 
the Hall Effect Sensor.
The BLDC motor most elementary commutation driving method is the On-Off system. The 
coil is either conducting (in one or the other direction) or not conducting. By connecting the 
motor coil to the power and neutral bus induces the current flow (using the driver). This
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concept is called square wave commutation or block commutation. The strength of the coil 
magnetic field determines the torque and speed of the motor, this can be achieved by varying the 
current flow through switching of the supply voltage to the coils On and Off, so that the relation 
between On and Off time defines the average voltage over the coil and thereby the average current.
The commutation control of the BLDC motor is done via electronics. The hall sensors are 
used to sense the position of the rotor field that performs the commutation operation. The 
commutation control of the BLDC motor is done via the cost-effective velocity controller called
Figure 6.12: M axon M otor D EC V  50/5  4-Q -EC Am plifier: The motor driver controls the 
operation of the BLDC motor, provides information about the power consumption of the motor.
Maxon Motor D E C V  50/5 Brushless Motor Controller shown in Figure 6.12.
The motor controller is a compact, digital, velocity controller that is designed for control­
ling brushless motors up to 250 watts equipped with hall sensors. The controller has a speed 
range of 1000 to 60000 RPM. It requires a voltage supply of 12 to 50 VDC, and it can deliver 
95% of the supply voltage to the motor at 5 A continuous current or 10 A peak current. It 
is suited for high-speed applications where 4-quadrant control is required (i.e. the ability to 
maintain speed whether accelerating or breaking). The supply voltage Vcc into the motor driver 
for a specific BLDC motor speed is calculated using Equation (6.8) [55]:
Vrr = Un
A n
riB M b T 1.5 (6 .8 )
n o  V AM ^ ) 0.95 
where Mb  is the BLDC motor operating torque, n g is  the motor operating speed, f/jv is the 
nominal motor voltage, no is the motor no-load speed at Un-, and is the motor speed/torque 
gradient available in the motor datasheet in Appendix B.l.
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Power to Control Driver
Motor Control Signals
BLDC Motor Driver (DECV 50/5)
BLDC Motor with the Flywheel
Control Signals from I/O 
interface
Figure 6.13: Block Diagram Representation of the BLDC M otor-Driver Interface
The voltage supply to the motor driver for a maximum motor speed is determined by Equation
(6.8) but the motor minimum and maximum speed and torque are modulated through 0 to 5 
V signal sent to the driver pin 14. The enable, direction and stop signals that are nominally 
activated via external switches are done through software in the MATLAB/SIMULINK control 
interface that are connected to the motor driver pins 11, 12, and 13 respectively. Both the speed 
of the motor and the current drawn by the motor are read through the speed and current motor 
outputs at pins 18 and 19 respectively as shown in the BLDC motor- driver interface diagram of 
Figure 6.13.
6 .5 .3  Spinning W h eel Speed  M easurem ent
The spinning wheel speed measurement is taken as a direct feedback from the motor driver. 
The DECV 50/5 controller can be used to control a series of different motors each with its own 
characteristics. There are a set of five DIP switches with the default settings set at maximum 
speed and maximum current limits to correspond to the motor used. The motor driver has a 
voltage output {Voutput) called “Monitor Speed” that is proportional to the amount of revolution 
performed by the motor. The motor spindle stands still when the output is 0 V and the when the 
motor speed is maximum, the output will be 5 V. The output is independent of the rotational 
direction of the motor.
The BLDC motor setting used in the experimental setup and in the control interface (Simulink/ Matlab 
model) is such that 1 V corresponds to 750 RPM. The resolution of the output port is approx­
imately 12 mV. The voltage output can be converted to equivalent speed by using Equation
1 1 1
(6 .9 ):
R P M  =  750 * Voutput (6.9)
where RPM is the revolution of the motor, and Voutput is the voltage ouput that measures the 
motor speed.
6.6 Support Bearing
A ball bearing is a mechanical element that is used to reduce rotational friction and support 
radial and axial loads in mechanical system. It achieves this by using at least two races to 
contain the balls and transmit the loads through the balls. In most applications, one race is 
stationary and the other is attached to the rotating assembly (like a mechanical shaft). As one of 
the bearing races rotates it causes the balls to rotate as well. Because the balls are rolling they 
have a much lower coefficient of friction than if two flat surfaces were sliding against each other.
To allow a near frictionless motion by the moving parts of the tilted wheel, ball bearing
^dosed in 
%dket
Figure 6.14: Ball Bearing Enclosed in a M ounting Bracket: The image shows how the 
ball bearing is enclosed in a mounting bracket that also provides support for the moving part
is used as part of the elements required to support each of the rotating assemblies as shown in 
Figure 6.14. A connecting shaft is fixed to the moving part, while the other end of the shaft is 
connected to the inner member of the ball bearing so that the connecting shaft and the attached 
moving assembly can rotate about the axis of the shaft that is in tandem with both the rotating 
axis of the ball bearing and the spindle of the stepper motor that is located at the adjacent side 
of the moving assembly.
The ball bearing used is selected based on the sizing, and the ability to withstand both radial 
and axial load on the connecting shaft from the attached loads. The stepper motor spindle 
diameter size of 6 mm is used as the baseline for the ball bearing sizing. The dynamic equivalent
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radial load Pr that acts on the ball bearing describes the actual operational shaft load which 
is greater than the calculated load. The dynamic equivalent radial load is calculated using the 
mathematical model given as [19]:
P r  =  V r  ■ F r  +  X a  ■ F a (6 .10)
where Pr defines the dynamic equivalent radial load, Fr is the calculated radial load acting on 
the ball bearing. Fa is the axial load due to thrust acting on the ball bearing, while Xr  and Xa 
are the radial load factor and the axial load factor respectively. Both radial and axial load factors 
are selected based on the calculation done using the component specification information in the 
manufacturer datasheet of Appendix C2 given as Xr = 0.56 and Xa = 1.99. Using Equation 
(6.10), the dynamic equivalent radial load that the bearing can withstand is calculated as 28.863 
N as against the total load for both Assembly-1 and Assembly-2 estimated to be 11.319 N. Based 
on our calculations and product datasheet, the selected ball bearing that will support our design 
is an NTN Corporation ball bearing with a type number Z Z  INB. .
The selected ball bearing is a precision part and, in order to preserve the efficiency and the 
reliability, care must be exercised in its handling, in the area of avoiding sharp impacts and rust 
prevention. This is responsible for why the ball bearing is enclosed within a mounting bracket as 
shown in Figure 6.14. Also, the ball bearing selected is a sealed model that has low friction seal 
for harsh environments, long life grease for high speed applications and optimized grease filling. 
Further details on the ball bearing specification are shown in Table 6.7.
Inner D iam eter 6 mm
Outer Diam eter 12 mm
Thickness 4 mm
Dynamic Radial Load 640 N
Limiting Speed  
(grease)
40000 RPM
Operating
Temperature
-40  to +80 °C
Table 6.7: Ball B earing (ZZ IN R ) Specification[19]
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6.7 Encoder
In order to accurately compensate for any motion error in the tilt mechanism, the exact tilt 
angle must be known. The Nema stepper motor used does not provide position feedback, but the 
attached encoder will have to directly measure the tilt shaft and feedback the measurement into 
the system to minimise or remove the motion error due to the stepping of the stepper motors.
Figure 6.15: E ncoder M ounted  to  th e  T ilted  W heel
The two channel optical encoder H E D S  — 9100 A14 shown in Figure 6.15 is selected for the 
task of accurately measuring the tilt angle due to its simplicity and low cost. The incremental 
encoder works with a code wheel H E D S  — 5120 A14 that has a resolution of 500 C ER  (count 
per revolution) for a stepper motor of 1.8^/step. The encoder and the code wheel is mounted 
directly to the wheel x-axis and the y-axis as shown in Figure 6.15 to provide direct tilt angle 
measurement about the tilted wheel x-y plane axes.
6.7.1 E ncoder C ounting  M echanism
The encoder used has 5 connection pins for power, signal channels A and B and one unused pin. 
The encoder converts the tilt mechanical motion into a sequence of digital pulses. By counting the 
number of pulses and knowledge of the code wheel resolution, the relative position measurements 
that correspond to the relative position of the attached shaft can be measured. As the shaft 
rotates, pulse trains occur on these channels at a frequency proportional to the shaft speed, and 
the phase relationship between the signals yields the direction of rotation by determining the 
channel that leads the other or by the level of one signal during an edge transition of the second 
signal. The signals from the two channels are a 1/4 cycle out of phase with each other and are 
known as quadrature signals. The counting of pulses and conversion to motions is software based 
(done in the M atlab/ Simulink control interface) as shown in the MATLAB/ SIMULINK block 
in Figure 6.16. The encoder operates by detecting the rising edge of the pulses whenever light 
shines through the codewheel in the setup. The codewheel has a resolution of 500 count per 
revolution (CPR) which translates to 500 pulse been detected in a revolution, which is, 0.72° 
rotation per a pulse detected. This information is then processed to give the angular rotation 
and rate of the system at any given time.
114
C onstan t
ChanA
DIR
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Inc C ount 
Rst Up
CLK
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Figure 6.16: Sim ulink Block D iagram  of E ncoder C ounting  M echanism
6.8 Power
The power requirement for each component used in building the tilted wheel system is highlighted 
in this section. Both the BLDC motor and the stepper motors used are not powered directly 
from the main power source but through their respective drivers. As discussed in Sections
6.4.3 and 6.5.2 , the DECV 50/5 motor drivers do not only supply the control signals for 
commutation, but also powers the BLDC motor. Likewise, the G203V stepper motor driver 
is responsible for both the control and the supply of the required power to drive the stepper motors.
The power connection representation of Figure 6.17 shows that the 5 V line is responsible 
for power supply to the encoders and the IMU (discussed in Chapter 7), though at different 
current requirement. The stepper motors are connected to the 16 V line, while the BLDC motor 
is powered by the 14 V line. The total power consumed by each component during nominal 
operation will be discussed in Chapter 7 but the startup power requirement for each component 
is as shown in Table 6.8 which shows that power is supplied to the tilted wheel from external 
source through a D-15 connector. The male part of the connector is connected to the tilted wheel 
structure while the female part is connected to the power source through the connected cables. 
Since some of the components have different power requirement, they are allocated to the power 
connector pin accordingly, but components of the same power requirement are connected to the 
same power source.
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Power Source
Target
PC 12V
GND IMU
Wl-Fi
Gard
2.2V
GND GND
SMI
Dilvei|6Ver
G203V G203V
Encoder 1 Encoder 2
5V
GND GND
CD Q
Figure 6.17: T ilted  W heel Pow er D efinition 
6 .8.1 S ta r tu p  P o w er R e q u ire m e n t
The Startup power requirement of the tilted wheel for each component is as summarised in 
Table 6.9. The components startup power requirement is not equivalent to the nominal power 
requirement as will be discussed in Chapter 7. The stam p power is required to energise the 
components, and that is when the acceleration phase of the motors occurs.
As can be seen from Table 6.9, the BLDC motor that is responsible for the rotation of 
the spinning wheel uses a startup power of 0.378 W as shown in the highlighted area of Figure 
6.18 for a typical 5° roll manoeuvre to spin up the BLDC motor to the maximum required speed. 
The combined startup power for the two stepper motors that tilt the spinning wheel is 1.66 W, 
while the incremental encoder that measures the tilt angle and tilt rate uses a maximum power 
of 100 mW. These power results were taken manually at the starup of the system during the 
experimentation.
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1 12V @ 0.10 A Target PC
2 GND
3 16V @ 0.14 A SM-1 and SM-2
4 GND
5 5 V @ 0.02 A Enc-1 and Enc-2
6 GND
7 14 V @ 0.1  A BLDC Motor
8 GND
9 5 V @ 0.065 A IMU
10 GND
11 NC
12 NC
13 NC
14 NC
15 NC
Table 6.8: 15-D Way Connector Power Allocation: Components with the same power 
rating are connected to the same pin for power efficiency.
BLDC 14 0.027 0.378
SM-1 and SM-2 16 0.104 1.66
Encoder 5 0.02 0.10
Table 6.9: Tilted W heel Startup Power Requirement: The table shows the startup power 
requirement for each component. Components with the same power requirement are connected 
to the same power source.
6.9 Signal R outing
This section describes the various signals that are responsible for the operation of the tilted 
wheel components. Both the analog Input/Output and the digital Input/O utput signals to the 
tilted wheel are connected via a 25-D way connector. The channel description and corresponding
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Figure 6.18: S ta r tu p  Power R equ irem en t for th e  BLD C M otor; shown in the highlighted 
box for a typical 5° roll manoeuvre.
connector pin allocated to each signal is described in Table 6.10. The connector pins are allocated
Analog Drv
Out Dir
Enable
GND
Analog Drv
In
Enable
GND
BLDC Driver
(DECV 50/5)
QBC (Target PC) 
(PCM337q
TCP/IP Comm Card
I/O Card 
(DMM 32X AT)
S (O §
ANALOG
CHANNELS
213Wver
V ID N N mn < < m m 
■ < < CD m 1
 ï----
DIGITAL
CHANNELS
SM 1 Driver 
STEP 
DIR 
GND
G230V
Encoder 1 
Chn A 
Chn B 
GND
Encoder 2 
Chn A 
Chn B 
GND
Figure 6.19: Signal C onnections A rch itec tu re
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in no particular order, but components of similar function are allocated after one another. The 
connector male part is attached to the wheel structure while the female part is attached to the 
OBC or the control interface. The signal connection representation of Figure 6.19 shows how the 
analog input and output are primarily connected to the BLDC motor, while the digital input 
and output signals are mainly connected to the stepper motor drivers and the encoders.
1 BLDC M o to r Driver E n a b le -11 A nalog- O ut 38  (Vout-0)
2 D irection A nalog- O ut 36  (Vout-2)
3 S e t Value S peed A nalog- O ut 37  (Vout-1)
4 GND GND l(A G N D )
5 M o n ito r S p eed A nalog- In 3 (Vin-0)
6 M o n ito r C u rren t A nalog- In 5 (Vin-1)
7 NC
8 NC
9 S te p p e r  M o to r Driver-1 DIR D igital-O ut 6(A 2)
10 STEP D igital-O ut 8 (AO)
11 GND GND 34 (DGND)
12 S te p p e r  M o to r Driver-2 DIR D igita l-O ut 2(A 6)
13 STEP D igital-O ut 4  (A4)
14 GND GND 34 (DGND)
15 E n c o d e r-1 C hannel A Digital- In 9(B 7)
16 C hannel B D igital-In 11 (B5)
17 GND GND 34 (DGND)
18 NC
19 NC
20 NC
21 Encoder- 2 GND GND 34 (DGND)
22 C hannel A Digital-In 13 (B3)
23 C hannel B Digital-In 15 (B l)
24 NC
25 NC
Table 6.10: 25-D Way Connector Signal Allocation
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6.10 T ilted  W heel A ssem bly
After all the components have been sized and selected, the next action involves integration of 
the components to form a functional unit called tilted wheel. The components are coupled 
together mechanically starting from the inner assembly that carries the spinning wheel to the 
outer assembly that serves as the interface to the satellite body frame. The fabricated mechanical 
structure of the tilted wheel as shown in Figure 6.20 also serves as the direct interface to the 
satellite body or the platform to which it is mounted.
The completion of the assembly process signifies the start of the test campaign to verify the
Figure 6.20: T he 2D T ilted  W heel M echanical S truc tu re : Showing the integration of the 
three assemblies with the motor drivers sitting inside the wheel structure.
performance of each components and the tilted wheel as a unit.
6.11 A ir-Bearing Table Integration
All various components discussed in the sections above are integrated to form the tilted wheel. 
Figure 6.20 shows the mechanical structure, the attached flywheel and the general representation 
of the built prototype. After full integration of all components, the tilted wheel is first tested 
using the stand-alone testbed described in Chapter 7 to verify the performance of individual 
component before the wheel is mounted on an air-bearing table for a 3 DoF performance test. 
The tilted wheel three assemblies are coupled in a systematic way to guarantee mechanical 
stiffness that is required for torque transfer to any satellite body or platform it is attached.
6.12 Conclusion
In this chapter the methodology behind the design of the tilted wheel was discussed highlighting 
the various available tilt mechanisms that could be adopted for rotating the spin axis of the
1 2 0
spinning wheel. Trade-offs were made on some of the critical design factors before selecting the 
best tilt mechanism that will guarantee the support of the actuator in terms of torque generation 
and transfer to the attached satellite body or platform. Individual components that made up the 
tilted wheel was adequately sized, but some were selected based on availability and affordability. 
Though, there are other couple options we could still consider, but it was decided not to allocate 
extra time to improving the linear motor actuator design, because the one based on rotary 
actuators had been selected, based on the other technical criteria mentioned earlier. The project 
time factor came to play in selecting the rotary system as the best tilt option especially the 
time it will take to explore more options like the mechanism similar to the one used in the Watt 
Steam Engines [39].
The tilted wheel prototype build mechanism was equally discussed and how the actuator was 
systematically assembled and prepared for the test campaigns discussed in Chapter 7. The power 
requirements for each component and the signal connections were discussed, while components 
of the same power rating were joined together for power comsumption efficiency.
In the next chapter a series of test campaign will be carried out, but before then, the testbed 
setup required to verify the performance of the built actuator will be discussed.
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Chapter 7
Experim ental Setup
In this chapter the mathematically modelled new actuator described in Chapter 4 and the 
physically built prototype described in Chapter 6 will be tested to verify the three axis control 
capability and performance. The technology of the testbed used to perform the hardware-in-the- 
loop testing of the actuator will equally be described. The chapter will begin with description 
of all components used in the setup of the 3 DoF air bearing table testbed and the connection 
between the Host PC and the Target PC that were used in the control of the tilted wheel. The 
setup of the xPC target that is responsible for the communication between the Host PC, Target 
PC and the hardware in the loop will be discussed. The results of manoeuvres about the roll 
and pitch axes due to the tilt mechanism will be discussed, while the yaw axis manoeuvre that 
completes the 3 DoF control capability of the tilted wheel will also be discussed. The repeatability 
and the stability test results of the actuator will be shown and discussed in this chapter. The 
power efficiency of the actuator will be compared with other existing inertial actuators like the 
RW and the CMGs using the power index analysis.
7.1 Testbed Setup Hardware
This section describes all the components used in the experimental setup for testing the perfor­
mance of the built tilted wheel. The communication link setup that is responsible for the transfer 
of command between the control interface, the testbed and the actuator is also discussed in this 
section.
7.1 .1  H ost C om puter
The host computer used in the experimental demonstration of the performance of the tilted wheel 
is an HP Pavilion tx 2000 computer shown in Figure 7.1. The PC specification is as summarised 
in Table 7.1.
The Host PC actively controls the ABT and the mounted tilted wheel real time via the xPC 
target communication link with an embedded graphical user interface (CUI) that displays the 
performance of the controlled system. Data logging and acquisition is also done by the Host PC 
that is connected to the ABT setup through a wired link (crossover cable) that replicates the 
function of the wireless communication link mostly used to connect ABT.
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Figure 7.1: The Host Computer (H P Pavilion tx  2000): Showing the model used as the 
Host PC for the experimental setup.
Type Laptop
Processor AMDTurion^“ X2 Ultra Dual Core 
M obile ZM -80 2.10GHz
RAM Size 2 GB
System  Type 32-b it Operating System
Hard Disk 3 5 0  GB
Operating System W indow  7 Professional
Input Device Pen and Single Touch Input
M otherboard ASUS P4GV-LA
Table 7.1: Host Computer Specifications: describing the parameters of the Host PC model 
that is used for the experimental setup.
7.1.2 O n-B oard C om puter (O B C )
Two sets of OBC are used for this experimental setup. The first OBC as described in Section
7.1.2.1 is the Optiplex 780 desktop that is used for the stand-alone testbed to test the tilt 
mechanism capabilities and to calibrate the stepper motors and other devices before the tilted 
wheel is tested on the ABT. While the second OBC described in Section 7.1.2.2 is a CubeSat 
OBC that was reconfigured to act as the ABT testbed OBC for the 3 DoF performance test.
7.1.2.1 Stand-Alone Testbed OBC
The OBC used for the stand-alone experimental setup is a Dell Optiplex 780 desktop . It has 
M T/DT/SFF- Integrated Intel 82567LM Ethernet LAN that supports 10/100/1000 Mbps data
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rate; Broadcom 1505 PCIe WLAN card (802.11 Draft-N). The PC has 8 External USB 2.0 ports 
and 1 Internal USB 2.0, 1 Parallel, 1 Serial, 1 RJ-45, 1 VGA, and 1 Display Port. It also has 
slots for 1 full height PCIe xl6, 1 full height PCIe x l and 2 full height PCI. The PCI and the 
PCIe slots allow the I/O cards to be plugged into the PC for command input and output transfer. 
The desktop used was selected based on its performance and width to accommodate all the 1/O 
cards required for the setup as shown in Figure 7.10.
7.1.2.2 Air Bearing Table OBC
The OBC used for the ABT setup is a PCM-3375 Advantech CPU Board shown in Figure 7.2. 
The board is equipped with a high performance 32-bit PCI-bus Ethernet interface which is fully 
compliant with IEEE 802.3U 10/ 100Mbps CSMA/CD standards. It is supported by all major 
network operating systems. The PCM-3375 provides a Compact Flash card socket for Solid state 
disk solutions that is used for the boot loading of the xPC Target settings. The OBC has one 
RS-232 serial port and one RS-232/422/485 serial port that provide connections for serial devices 
like the IMU used for the ABT attitude measurement.
273152-0708"»**» tBB)
a;? V1PCM3375F7001E-T
Figure 7.2: CubeSat OBC
Power is supplied to the OBC via the DC-DC power board (Advantech PCM 3910) shown in 
Figure 7.3. The power board is made up of 50 W output, 10 V to 24 VDC input range, reverse 
input protection and 5 V, 12 V, -5 V and -12 V outputs. This specifications makes the board 
suitable for our use in supplying regulated power to the OBC that works with a maximum power 
of 1.94 A at 5 V.
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Figure 7.3: CubeSat OBC Power Board
7.1 .3  I /O  C ards
The input and output (I/O) for digital and analogue data to and from the ABT and the tilted 
wheel is handled by the I/O  card that directly interfaces with the OBC. Three sets of I/O  
cards are used in the experimental setup described in this section. The I/O  cards are National 
Instrument PCI 6024E and PCI 6703 cards and the Diamond DMM 32x AT card that act as the 
interface between the control panel and the hardware in handling the sending of commands and 
receiving telemetry.
7.1.3.1 PCI 6024E and PCI 6703
The PCI 6024E and PCI 6703 I/O  cards shown in Figure 7.5 (a) and (b) are manufactured by 
National Instruments. These cards are software configured or programmed to work with other 
required hardware and fully compatible with the industry standard PCI Local Bus Specification 
that allows PC to automatically set the device base memory address and interrupt channel with­
out human interaction. But the data acquisition-related configuration settings, such as analogue 
input range and mode can be modified through application software provided. Specifically, the 
PCI uses memory-mapped I/O . This means tha t to read (or write) a value from (to) the I/O  
card, a specific memory location has to be read (written to). Every register has its own offset 
from this memory location so each register can be accessed. The memory address of the I/O  
card resides in the high-memory region which makes it difficult to access directly.
The PCI 6024E is a high speed data acquisition card capable of a total of 200kS/s for the 16 
analogue input channels, 2 analogue output channels at 10 kS/s, 8 digital I/O  lines (TTL/CMOS), 
and two 24-bit counter/timers. The PCI 6703 card has 16 voltage output channels and 16 current 
output channels. Each channel is referenced to 16 ground line channels, which is shared between 
a voltage and current channel. A fused 5 VDC power signal from the PCI or PXI bus is available 
at the I/O  connector as well.
125
T ïT n T
Figure 7.4: PCM  3375 Integrated to the CubeSat Platform: Showing the Target OBC 
integrated to the CubeSat Platform.
7.1.3.2 DM M  32x AT
The DMM 32x AT is a PC/104-format data acquisition board with a full set of analogue and 
digital I/O features. It offers 32 analogue input channels with 16-bit resolution and programmable 
input range; 250 kS/s maximum sampling rate with FIFO operation. The board also has 4 
analogue output channels with 12-bit; user adjustable analogue output range, 31 channels of 
digital I/O , one 32-bit counter/timer for A /D conversion and interrupt timing; and also one 
16-bit counter/timer for general purpose use. The board has the ability to receive command 
through a serial port.
The ABT experimental setup requires a total of 6 analogue input and output channels, 
8 digital input and output channels to handle the transmission of commands and telemetry to 
and from the tilted wheel and the ABT.
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Figure 7.5: National Instrument Cards: (a) PCI 6024E (b) PCI 6703
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Figure 7.6: Diamond DM M  32x AT I/O  Card: The I/O  card is plugged to a slot on the 
OBC (PCM 3375) and used for both analogue and digital data transmission between the OBC 
and the ABT hardware.
7.1 .4  C om m unication  Links O verview
The xPC Target product supports two connection and communication protocols between the 
Host PC and the Target PC, namely the serial and the network connections. The hardware 
testbed used a wired connection because of the limited space on the ABT adapter plate to
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accommodate a wireless router that is required for Wi-Fi connection between the Target PC and 
the Host PC. For this experimental setup, the Ethernet card is plugged directly onto the OBC 
that serves as the Target PC for both the stand-alone testbed and the ABT setup.
7.1.4.1 xP C  T arget Setup
xPC Target is a real time operating system from Mathworks that allows control algorithms 
to be developed using Matlab/ Simulink within a host computer and sent as an executable file 
to a target computer. The Matlab xPC target works with a host computer that must have 
installed xPC target and xPC Target included options toolboxes. The xPC Target enhances 
rapid controller prototyping and hardware-in-the-loop simulation of control and data processing 
systems. It allows addition of I/O  blocks to the designs that generates code with Real-Time 
workshop and downloads the generated code to a second PC running the xPC Target real-time 
kernel. A single communication link connects the host and the target computers using either 
RS-232 or T C P/IP  connection. The xPC Target works with PC compatible hardware that 
has Intel 386/486, Pentium, or AMD K5/K6/Athlon processor. The Target PC can equally 
work with a desktop or an Advantech PCM 3375. For the xPC Target system, the host com­
puter is configured to run the control algorithm that is used to control all the hardware-in-the-loop.
The xPC Target product supports two connection and communication protocols between the 
Host PC and the Target PC, namely the serial and the network connections. Most experimental 
setup use the Wi-Fi 802.11 wireless connection, but our experimental testbed used a wired 
connection that has an advantage of handling higher data transmission and also due to less 
space to accommodate additional component to support any wireless connections. The wired
/   ^ TCP/IP 
/Communication'
Host PC
Figure 7.7: W ireless C onnection  Schem atic D iagram  for A B T  and  H ost PC : Showing 
a typical SSC ABT.
connection used the xPC Target kernel for the real time system operation, which is a software 
package in MATLAB.
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7 .1 .4 .2  x P C  T a r g e t  B o o t  L o a d e r  C r e a t io n
Prior to creating the xPC Target DOS Loader, both Matlab R2010a (32 bit) and Microsoft Visual 
C ++ 2008 Express have been installed on both the host computer and the Target computer. The 
xPC Target of Matlab R2010a must be used with a compatible Microsoft Visual C ++ because 
not all Microsoft Visual C ++ can work with the corresponding year version of Matlab software. 
The simplified procedure in creating the xPC Target Boot Loader are itemised in Appendix F 
but the process starts with an xPC Target explorer window shown in Figure 7.8 that will pop up.
I xPC Target Explorer
File Target Application Tools Help
i*  X  1 .  j ► >  I Ü  :
«PC Target Hierafchy
Host PC Root 
r—%  Compller(s) Configura 
DLM(s): C:\Usets\yw
: g |  IMU_GyioKF.(ft
AirBearingTable 
Q  Configuration
& Communicatiwi
0  Appearance 
I File System 
I PCI Devices
Host PC Root Information
Host PC Root contains host configuration properties and all the xPC 
Target applications (DLMs). Once your target PCs are conflgured and 
connected, you can download your target application to the connected 
target PC.
xPC Target Explorer always has a default target PC node In Its 
configuration. The dehuh target PC node Is always boldfaced. In a 
muitiTarget environment, this visual aid helps you easily Identify tfie 
default target PC.
Configuring tf»e xPC Target Ho« PC
1. In the xPC Target Explorer window, seiect the CompHerfs) 
Configuration node.
2. In tfie right pane, the compiler parameters appear.
3. At tfie Seiect C CompNer drop-down list, seiect tfie compiier you have 
installed on the host PC.
4. Enter the path (or browse) to the compiler for Compiler Path. For 
example,
C:\Program Flles\MlcroBoft Visual Studio.
Refresh Enabled
Figure 7.8: xP C  T arget E xp lo rer W indow
After the xPC Target loader configuration has been concluded and the xPC Target is ready 
for use, with the display on the Target screen confirming no error, a further test must be done 
through the Matlab Command Window by running some checks to confirm if the Host PC can 
ping the Target PC.
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7.1 .5  In e r t ia l  M e a su re m e n t U n it (IM U )
There are different types of attitude sensors that can be used to determine the orientation of a 
satellite while some other sensors are equally used to measure the attitude rate of the satellite 
about its principal axes as discussed in Chapter 2. For our experimental setup tha t simulates 
the satellite and the space environment, the IMU from MicroStrain is used to measure the 
attitude and attitude rate of the ABT platform. The IMU as shown in Figure 7.9 combines three 
angular rate gyros with three orthogonal DC accelerometers, three orthogonal magnetometers, 
a multiplexer, 16 bit A/D converter, and an embedded microcontroller that streams raw data 
packets over a serial connectivity at a bandwidth of 50 Hz. The IMU has an orientation resolution 
of < 0.1°, a filter gyro stability of 0.5°/s and gyro nonlinearity jitter of 0.2% [53].
Figure 7.9: M icroS tra in  3D M -GX 1 IM U: The sensor measures the orientation of the attached 
platform in all three principal axes.
The IMU has an embedded microcontroller that contains a unique programmable filter algorithm 
that gives filtered and bias compensated measurements. The output data from the IMU is 
processed to give Euler angular rate and angles that represent the measured platform orientation. 
The main constraints with using the IMU is the pronounced error about the yaw angle that is 
largely due to drift and interference by the magnetic properties present around the test bed. 
This problem occurs when the natural magnetic field measured by the magnetometer in the IMU 
is disturbed by such interference as hard iron interference or soft iron interference.
The hard iron interference is caused by the presence of anything that acts like a magnet. 
It could be a magnet or it could be things that are not normally thought of as magnets but do 
have some residual magnetic field. These could be things like screwdrivers which were intentionally 
magnetized or even things like the sheet metal of an automobile which is not really intended to be 
magnetized but in the manufacturing process does tend to get magnetized. The effect of hard iron 
interference is that there will be a magnetic field in the local area which is generated by something 
acting like a magnet and that magnetic field will be superimposed on top of Earth’s magnetic field.
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The other kind of magnetic interference is soft iron interference tha t occurs when you have a 
ferromagnetic object in the vicinity of the sensor and the ferromagnetic object tha t is made 
of a material that will distort an existing magnetic field (that is, the E arth’s magnetic field). 
Steel is the primary material tha t’s going to do this, although there are some other materials out 
there that are ferromagnetic. Basically anything that a magnet would stick to is a ferromagnetic 
material. The ferromagnetic objects affect the yaw measurement more because it is obtained 
from a compass within the IMU, which is highly sensitive to external magnetic fields in the 
laboratory, including the ones from the motors used.
Since the IMU is the only attitude measurement sensor used to determine the orientation 
of the ABT platform, its measurement drifts over time. Some filter were implemented in the 
data processing in the Matlab/ Simulink domain to compensate for the drift, but the absence of 
an initial condition for the filter to work properly made it hard for the problem to be eliminated.
7.2 Standalone T estbed
The standalone testbed setup and the results are discussed in this section. Also highlighted in 
this section is the practical setup and how commands to operate the motors are sent from the 
control interface in the Host PC to the testbed. The results from the open loop control of the 
stepper motors will be discussed and the performance of the tilt mechanisms at varyied spinning 
wheel speed will also be discussed.
7.2 .1  T estb ed  S etup
This section describes the experimental setup that tests the performance of all components 
used to build a prototype of the tilted wheel. Components like the stepper motors, the BLDC 
motor and the encoders must be tested to verify their individual functionality prior to the 
demonstration of the 3 DoF capability test on the ABT. The stand-alone testbed as it is called 
is also used to verify the performance of the xPC Target communication link tha t is respon­
sible for sending control commands from the Host PC to the hardware-in-the-loop through 
the Target PC as discussed in Section 7.1.4.1. The standalone setup will equally be used to 
confirm the functionality of the xPC Target communication link that is responsible for re­
ceiving telemetry data from the tilted wheel components through the I/O  card connected to 
the Target PC and send same to Host PC for display. The standalone testbed as shown in 
Figure 7.10 will also be used to calibrate the encoders, the spinning wheel and the stepper motors.
The Target PC monitor displays the performance of the components using the GUI tool 
in M atlab/ Simulink. Same data file generated by the hardware and displayed on the target 
monitor will be downloaded to the Host PC for further processing and evaluation. The control 
architecture that shows the data and the signal connections between the control interface and 
the tilted wheel is as shown in Figure 7.11. The tilt mechanism control loop is shown to the 
right side (not highlighted part of the diagram) of the block diagram. The tilt angle ôc command 
is sent by the operator from the Host PC where the tilt mechanism inner loop PID controller 
computes some sets of control commands that drive the stepper motors which in turn rotate the
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Figure 7.10: Stand-Alone Testbed Hardware Setup
assemblies accordingly.
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Figure 7.11: Stand-Alone Testbed Control Architecture 
7.2.2 Sp inn ing W h eel P rofile
The performance of the BLDC motor that rotates the spinning wheel must be tested using the 
stand-alone testbed setup described in Section 7.2.1. This test is to verify that the spinning wheel 
can be operated as a reaction wheel by varying the angular speed during nominal operation. The
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speed command to rotate the spinning wheel at a given rate is sent from the control interface 
(host PC) to the wheel motor controller through the Target PC and the I/O  cards used. The 
motor controller then actuates the BLDC motor accordingly as shown in Figure 7.12. The plot 
profile describes the angular speed setpoint of 1500 RPM and 2500 RPM represented by and
Wheel Speed Profile
3000
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2 0 0 0
è  1500
a
1000
500
5 100 15 20
t(s)
Figure 7.12: Spinning W heel Speed Profile: Showing the spinning wheel speed at varied 
setpoints of 1500 RPM and 2500 RPM.
Ü2 respectively. It shows that the spinning wheel angular speed can be varied and achieved within 
a set time limit. This is what it is required to do during nominal operation (ability to operate as 
a reaction wheel system). The two setpoint of 1500 RPM and 2500 RPM were achieved with less 
than 1% error which is within the manufacturer stipulated resolution of < 5% ripple [55].
7.2 .3  T estb ed  R esu lts
After completing the setting of the stand-alone testbed and the confirmation of the xPC target 
communication link between the Host PC control interface and the tilted wheel, several control 
commands were sent to operate the tilt mechanism about the wheel x-axis and the y-axis 
respectively. Two different sets of test were performed that include the performance verification 
of the tilt mechanism with same spinning wheel speed profile at different tilt angles about the 
wheel x-axis and the y-axis. The second test performed involved varying the spinning wheel 
speed at various tilt angles about the wheel x-axis and y-axis respectively. Table 7.2 shows the 
initial conditions used for the stand-alone testbed experiment to verify the performance of the 
tilt mechanisms, encoder and the spinning wheel prior to the 3 DoF test.
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Experiment Time 20 Second
Initial Tilt Angle a = 0
p  = o
D egree
Initial Tilt Rate d  = 0 
0  = 0
D egree/Secon d
Initial W heel Speed 3 RPM
Controller PID -
Table 7.2: Conditions for the Stand-Alone Experiment 
7.2.3.1 X-Axis Tilt Angle Commands
The control command to rotate the tilt mechanism about the wheel roll axis through a  tilt 
angles [5° 10° 15°] is sent from the Host PC via the cross-over cable to the Target PC for onward 
transmission to the tilted wheel components.
This test campaign is also used to set the tilt mechanism PID controller gains shown in 
the control architecture of Figure 7.11. The classical Ziegler Nichols [24] controller gain tuning 
method is also used to tune the gains. The set of PID controller gains used for the roll axis tilt 
angle command is [0.039 0.039 0.009] for the A:p, kj  and ko  terms respectively. As can be seen 
from the plot profile of Figure 7.13, the tilt angle errors for the commanded setpoints are < 0.8°, 
< 0.5° and < 0.4° respectively.
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Figure 7.13: T ilted W heel x-Axis Tilt Angle Commands: showing the tilt angles and the 
control efforts. The Tilt angle command setpoints: — 5°, 02 =  10°, 03 =  15°; Each experiment
has been repeated 3 times for consistency.
7.2.3.2 Y-Axis Tilt Angle Commands
As shown in the developed equation of motion for the tilted wheel, the tilt angle about the 
wheel y-axis generates control torque about the X-axis of the attached platform. The y-axis 
tilt mechanism capability is tested with different set of tilt command repeated three times for 
consistency. The tilt angle commanded setpoints are [5° 10° 15°]. The set of PID controller 
gains also used for the pitch axis tilt angle command is [0.039 0.039 0.009] for the kp, kj  and kp 
terms respectively. The tilt angle plot profile of Figure 7.14 showed that the tilt mechanism is 
able to achieve the setpoints with error of < 0.1°, < 0.5° and < 0.6° respectively. The error
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Figure 7.14: T ilted  W heel y-A xis T ilt A ngle C om m ands: showing the tilt angles and the 
control efforts. The Tilt angle commands: 0\ =  5°, 62 =  10°, % — 15°; Each experiment has 
been repeated 3 times for consistency.
sources are the encoder resolution and the motion error due to the stepper motor.
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7.2.3.3 Tilt Angle Commands at Different Spinning W heel Speed
The tilt capability test for the tilt mechanisms was performed at various spinning wheel speeds. 
This allows us to verify the impact of varied spinning wheel speed on the tilt angles. This test 
also used the same sets of controller gains used for the individual capacity axis test.
According to Figure 7.15[A], the reduced spinning wheel speed has less gyroscopic effect
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Figure 7.15: Tilt Angle Commands at Different Spinning W heel Angular Speed: show­
ing Roll and Pitch commands and the respective control commands at spinning wheel speeds of 
100 RPM, 500 RPM, 1000 RPM, 1500 RPM.
but constituted a disturbance torque that resulted in the observed offset of ~  1° from the setpoint 
about the roll axis. The large tilt angle error is mainly due to the use of a stepper motor with 
less holding torque than the calculated specification required for the axis as discussed in section 
6.4.1. The stepper motor used for the pitch axis tilt mechanism has a holding torque higher than 
the calculated specification and this was responsible for a better tilt angle profile seen in Figure 
7.15[C] with an error of < 0.1°.
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7.3 A ir-Bearing Table (A B T ) Testbed
The ABT is a facility that simulate the space environment for testing various satellite components 
as described in Section 2.11. It is used for experimental testing and calibration of attitude control 
system components like the control actuators, attitude sensors and attitude control algorithms. 
After the design, build and integration of all the tilted wheel, the performance test of the system 
is mostly done on the ABT.
Figure 7.16: 3-Axis A ir B earing- SRA150 [17]: Showing the suspended bearing where the 
adapter plate is attached to mount any components to be tested.
The air bearing table is made up of an air bearing head shown in Figure 7.16 that is a disk-shaped 
platform suspended by compressed clean air from an external source through series of control 
valves that regulate the air flow in the system. The ABT allows the rotation of the platform and 
all components mounted or attached without significant friction about ±30° about the roll and 
pitch axes and 360° about the yaw axis. It is used to test the dynamic characteristics and perfor­
mance of a model satellite control system during ACS modules bench level test campaign. The 
ABT allows simulation of near zero-g of space environment when its centre of gravity coincides 
with the centre of rotation of the rotating platform. Some of the components available on the 
table are attitude sensor, the IMU that helps to determine the angular movement of the table 
from its inertial position in all three axes of a representative satellite, wireless communication link 
and integrated harness system that includes the power connector and the signal interface. The 
tilted wheel prototype is firmly mounted on the air bearing table adapter plate while commands 
is sent to it from the control interface in Matlab/ Simulink model on the host computer through 
the TCP/IP wired communication link available. Also, available on the ABT as shown in Figure 
7.17 is a manual mass balancing mechanism made of several types of mass that help to maintain 
the platform balance nominally as described in Section 7.3.1.
Compressed and clean air is supplied to the ABT from an external source through a con­
trol valve as shown in Figure 7.18. For our experimental setup, the compressed air is pressurised 
to a maximum value of 50.76 psig or 3.5 bar. The pressure is a function of the applied load 
and the radius of the bearing as stated on the manufacturer datasheet [17]. At this maximum 
pressure, the ABT floats easily and settles down within a reasonable time frame when tilted or 
perturbed about the roll and pitch axes plane.
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Figure 7.17: A Typical SSC Air-Bearing Table: Used in the SSC Lab to demonstrate 3 DoF 
capability of actuators, sensors and control algorithms.
A I
fe Compressed Air
Figure 7.18: ABT Showing Compressed Air Supply Inlet and Air Bearing
7.3.1 A B T  B a lan c in g
The ABT must be balanced nominally before it can be used for any experimental testing. The 
ABT used without any component mounted on it is as shown Figure 7.19 with the centre of 
gravity of the platform co-located with the centre of rotation of the bearing. When the tilted 
wheel and other components were securely mounted on the table adapter plate, there is a shift in 
the centre of gravity of the composite element towards the top of the table away from the centre
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of rotation of the bearing.
To ensure a balance of the setup (the composite element including the ABT), equivalent weight of 
counterbalance masses must be evenly attached to the downward part of the adapter plate. This 
is done by having four shafts (30 cm long each) located at angle 90° apart on the circumferential 
ABT adapter plate. Each of the shafts extends through a hole in the adapter plate that allows 
weights to be attached to it. The weights of the attached masses on the shafts counterbalances 
the mass of the satellite and other attached elements so that the composite centre of gravity 
of all the elements on the table coincides with the centre of rotation of the air bearing. If the
Figure 7.19: 3-Axis A B T  for T ilted  W heel P erform ance Test: Showing the ABT stand, 
the pressured gas supply, the semi spherical bearing and the adapter plate.
composite centre of gravity is higher than the centre of rotation of the bearing, the platform 
flops to one side and comes to rest possibly against the over-travel stop. Also if the composite 
centre of gravity is lower than the centre of rotation, then the platform oscillates back and forth 
like a clock pendulum and gradually decays until it comes to rest at its low point.
Figure 7.20 shows the ABT after the tilted wheel and other components were mounted with the 
balancing weights duly attached for counterbalancing the composite weight of the system. If the 
system is properly balanced, a little disturbance will make the table to oscillate about the centre 
of rotation but settles to the nominal position that correspond to attitude of [0° 0° 0°].
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Figure 7.20: A B T  B alancing M echanism : showing the manual balancing mechanism that 
helps to counterbalance the composite weight of the ABT
7.3.2 T ilted  W h eel In tegration  to  A B T
All various components discussed in Chapter 6 are coupled together to form the body of the 
tilted wheel. After proper integration of all components in the tilted wheel, the built prototype 
must be tested using the stand-alone testbed described in Section 7.2.1 to verify the performance 
of each component prior to the 3 DoF performance test on the ABT. The tilted wheel various 
assemblies are coupled in a systematic way to guarantee mechanical stiffness that is required to 
transfer the generated control torque from the tilted wheel body frame to the attached platform 
body frame.
The CubeSat platform is mounted on an interface bracket that is fastened directly to the 
top of the tilted wheel using eight pieces of stainless steel M5 bolt and nuts. The composite 
attachment (the CubeSat, the tilted wheel and the interface bracket) is then securely mounted on 
the ABT adapter plate using four pieces of M5 bolts and nut. The outer assembly of the tilted 
wheel then serves as the mounting interface between the tilted wheel body and the simulated 
satellite platform. The tilted wheel with the attached elements is centrally mounted on the ABT 
top as shown in Figure 7.21 which makes the counterbalancing not too difficult.
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Power is supplied to the ABT and the mounted tilted wheel through power cables th a t
Figure 7.21: T he A B T  w ith  th e  m oun ted  T ilted  W heel Ready for the 3 DoF test campaign
are suspended from the lab roof as shown in Figure 7.22. The ABT adapter plate has limited 
space that could accommodate a dedicated power source and power board that will supply power 
to the mounted components. Though the power cable alternative was a source of disturbance 
torque in the setup, but the objective of supplying power to the table was achieved.
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Figure 7.22: Pow er Supply to  ABT: The power required for the tilted wheel and the ABT is 
supplied through overhead cables that are connected to the digital power source.
7.3 .3  3 D oF  T estb ed  Setup
This section describes both the hardware setup and the control architecture for the 3 DoF ABT 
setup. The 3 DoF test is performed after completing the standalone test described in Section 
7.2.3. The ABT hardware architecture shown in Figure 7.23 incorporates the ABT platform 
describes in Section 7.3. The tilted wheel is mounted on the ABT with overhead cables connected 
to the setup that convey power from the power source, control commands from the control 
interface (Host PC) and telemetry from the tilted wheel to the GUI tool in the control panel.
The flow of commands and telemetry between the ABT setup and the Host PC is described by 
the control architecture of Figure 7.24. There are two sets of control loops in the architecture: 
the outer control loop that controls the ABT and the inner control loop that controls the tilt 
mechanism.
The setpoint commands to control the ABT about the roll, pitch and yaw axis are given 
by the user from the control interface on the Host PC. The outer controller uses this information 
to compute some set of control commands [n<^  uq u^] that in turn interacts with the G  matrix 
of the tilted wheel equation of motion described in Chapter 4. The product of the interaction 
generates some operational setpoint commands that are fed into the inner control loop that also 
has the encoder measurements and the spinning wheel speed feedback mechanism as inputs.
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Figure 7.23: A B T  T estbed: H ardw are  A rch itec tu re : Figure shows how the power and the 
signal channels are connected between the CubeSat, the tilted wheel and the Host PC
The outputs of the inner control loop thereafter act as the control command that operate the 
tilt mechanism motors and the spinning wheel BLDC motor in achieving the ABT required 
command.
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7 . 3 .4  A B T  C o n t r o l  I n t e r f a c e
This section describes how the signals that control the tilted wheel are connected. It highlights 
the overview of the signal connections and how the signals are sent and received from the control 
units to operate the tilted wheel components.
The control system is modelled in the Simulink modelling environment that is part of the 
M atlab/ Simulink software package. The Real-Time Workshop toolbox is used to convert the 
Simulink model into C code that is suitable for use with a real-time operating system. A further 
toolbox, xPC Target, is used for the real-time operating system. This set of tools had the 
advantage that the same model could be used to simulate the tilted wheel and to control the 
hardware with only some changes being required. The control architecture is as shown in Figure 
7.24. The Simulink model of the tilted wheel and the ABT platform as shown in Figure 7.25 is
Tilted Wheel 
Controller 
(Inner Loop)Alr-Bearing 
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Figure 7.24: Air-Bearing Table Testbed Control Architecture: Figure shows the control
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architecture for the ABT testbed. Subscript c indicates a setpoint command, u indicates a 
control signal.
built in the Host PC and downloaded to the Target PC for the control of all hardware-in-the-loop.
The outer control loop shown in the simulink block diagram of the ABT control interface of 
Figure 7.25 is responsible for controlling the attitude of the ABT using the controller (PID). The 
ABT commanded attitude setpoints that are represented by the Roll-ref, Pitch-ref and Yaw-ref 
are compared with the IMU measurements for roll, pitch and yaw respectively. The outer PID 
controller used these inputs to compute a set of control commands that serve as the main inputs 
to the inner control loop that is responsible for the operation of the tilt mechanism and the 
spinning wheel. The inner control loop for the ABT setup is similar to the control mechanism 
used for the standalone testbed as described in Section 7.2.1.
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Figure 7.25: Simulink Block Diagram of the Control Interface: Showing the simulink 
block representation of the commanded setpoints and the various control loops including the 
IMU system; on the Host PC.
7.3 .5  3 D oF  T estb ed  R esu lts
The ABT setup described in Section 7.3 and the control architecture described in Section 7.3.3 
are both used to demonstrate the 3 DoF capability of the tilted wheel. Slew commands are 
sent from the control interface on the Host PC to perform either roll, pitch or yaw manoeuvre 
depending the operator’s requirement. This section will show some of the slew manoeuvres 
performed to highlight the performance of the actuator. Table 7.3 shows the initial system 
conditions used for all scenarios in the ABT experimental setup.
Experiment Time 20 Second
Initial IMU 
M easurem ent
Roll = 0  
Pitch = 0  
Yaw = 0
Degree
Initial Tilt Angle (X = 0
p  = o
D egree
Initial Tilt Rate d  = 0 
fi = 0
D egree/Secon d
Initial W heel Speed 3 RPM
Controller PID -
Table 7.3: Conditions for the A BT Experim ental Setup
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7 .3 .5 .1  R o l l - P i t c h  C o n t r o l  T e s t  R e s u l t
The test results described in this section showed the roll and the pitch axes being controlled 
simultaneously to demonstrate the torque capability of the tilted wheel about the plane axes 
orthogonal to the spinning wheel axis. Figures 7.26 to 7.28 show the results for the ABT 
testing. Figure 7.26 shows the results for the ABT (outer loop). Two different experiments were 
commanded: in the first, =  2°, 02 =  4° was commanded; in the second =  3°, 02 =  1° was 
commanded. The tilted wheel was able to manoeuvre the table close to the setpoint as measured 
by the IMU.
Figure 7.26[A] shows that the setpoint of 0i =  2°, 02 =  4° were attained within a 0.5°
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Figure 7.26: Air Bearing Table Testbed Results (Roll and Pitch): This figure shows the 
results for roll and pitch axes (on the table). The first experiment commands: 0i =  2°, 02 =  4°; 
the second commands: Q\ =  3°, 02 =  1°- Both control signals are shown.
error. The error sources are as discussed in Section 7.5. For each of the two experiment 
commands, the IMU has initial measurement that is due to the ABT imbalance from the tilt 
mechanism imbalance which made the platform not to be in nominal position of [0° 0° 0°] about
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the roll, pitch and yaw axis respectively. The tilt angles that represent the rotation of the tilt 
mechanisms during the commanded ABT manoeuvre are shown in Figures 7.27[A] and [C] for 
the two respective commands.
The control efforts for both commands are ±0.1 as shown in Figures 7.27[B] and [D]. This
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Figure 7.27: A ir B earing  Table T estbed  R esu lts  {a and  /3): This figure shows the results for 
the tilting axes (on the tilted wheel). The experiments correspond with those seen in Figure 7.26.
control effort is within a reasonable limit that the stepper motor could achieve. The spinning 
wheel profile of Figure 7.28 shows a steady profile that reached a maximum angular speed of 2750 
RPM. Though the maximum permissible speed of the BLDC motor that rotates the spinning 
wheel is 10000 RPM [56], excessive speeds were considered unsafe in the laboratory.
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Figure 7.28: Air Bearing Table Testbed Results: W heel Speed: The experiments corre­
spond to those seen in Figure 7.26.
7.3.5.2 Yaw Axis Control Test Result
To complete the 3 DoF control capability test for the tilted wheel system, the yaw axis that has 
the spinning wheel aligned to it was commanded to achieve a setpoint by spinning up the rotating 
wheel. The command for the yaw manoeuvre of ■0c =  5° was sent to the outer control loop 
(that controls the ABT platform) of the control architecture shown in Figure 7.24. The outer 
PID controller computes the control command that interacts with the inner control loop to gen­
erate the required command that drives the spinning wheel to achieve the yaw manoeuvre setpoint.
The set of controller gains used to achieve the yaw attitude manoeuvre was computed using 
the Ziegler Nichols method for classical PID, the gains are [1.95 0.1 0.01] for the kp, kj and kp  
respectively. Figure 7.29 [A] shows the roll, pitch and yaw attitude profile with the commanded 
yaw manoeuvre having an overshoot of about 20% of the command setpoint, settling time of 
about 18s, while the steady state error recorded was < 3.3% of the command setpoint. The 
control signal about the yaw axis has a maximum value of -0.245 that drives the spinning wheel. 
The spinning wheel speed profile is as shown in Figures 7.29[Cj. The gyroscopic effect of the 
spinning wheel could be seen to stabilise the roll-pitch axes about the origin while ensuring that 
the yaw manoeuvre setpoint is achieved.
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Figure 7.29: Air Bearing Table Testbed Results: Yaw manoeuvre: This figure shows the 
results for the yaw axis (on the table) with roll and pitch. The experiment command: ■0 =  5°; 
The control signals and the spinning wheel speed profile are shown.
7.3.5.3 R oll-P itch Control Test to Show R epeatability
To show the repeatability of the test results, some commanded setpoints for roll and pitch 
manoeuvres were repeated several times with three of the results plotted. The plotted profiles 
showed roll manoeuvre setpoints of 0 =  5° and pitch manoeuvre setpoint of  ^ =  3°.
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Figure 7.30: Air Bearing Table Testbed R epeatability Results (Roll and Pitch): This 
figure shows the results for the roll and pitch axes (on the table). The experiment commands: 
0 = 5°, 0 =  3°; Each experiment has been repeated several times for consistency with 3 sets of 
results plotted for each roll and pitch manoeuvres; Both control signals are shown.
It can be seen from Figure 7.30[A] that the repeated roll manoeuvres had identical profile but 
the initial IMU reading for each process is quite different. The first roll manoeuvre has an 
initial IMU measurement of 2.1°, the second manoeuvre has an initial attitude measurement 
of 1.5°, while the third manoeuvre started from attitude position of 1.7°. The initial attitude 
measurement and the system error explained the slight different between the setpoints and the 
plot profiles. Each of the three sets of roll manoeuvre has an offset from the setpoints of 1°, 0.2°, 
and 0.4° respectively with an average error of 0.53° and a standard deviation of 0.1154°. Also for 
the pitch manoeuvres repeatability results, each of the plots has an offset of 0.8°, 0.8° and 0.2° 
respectively from the commanded attitude, with an average steady error of 0.6° and a standard 
deviation of 0.2828°. The standard deviation results of the two repeatability tests showed that 
the roll manoeuvre that is mainly generated by the tilt mechanism about the wheel y-axis has a 
better performance and this is due to the stepper motor aligned to that particular wheel pitch 
axis that has a high holding torque.
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The tilt mechanism profiles describing the tilt angles and the control signals for the repeated roll
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Figure 7.31: A ir B earing  Table T estbed  R esults: ( a  and  /3): This figure shows the results 
for the tilting axes (on the tilted wheel) for 0 =  5°, ^ =  3°. Each experiment has been repeated 
several times for consistency with 3 sets of results plotted with both control signals shown. The 
experiments correspond with those seen in Figure 7.30.
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manoeuvres are shown in Figure 7.31 [C] and [D] respectively. As described in the tilted wheel 
equation of motion in Chapter 4, the tilt angle about the wheel y-axis is majorly responsible for 
the roll manoeuvre, but other terms like the tilt angle about the wheel x-axis and the spinning 
wheel velocity are equally relevant in the roll axis manoeuvre. The maximum ^  angle reached 
during the repeated roll manoeuvres was —18.5° while the control command ranged between 
—0.007 and 0.005. Also, the maximum tilt angles recorded for the repeated pitch manoeuvres 
was —8.5° which showed that the tilted wheel can generate required torque with admissible tilt 
angles. The tilt angle profiles and the control signals required by the x-axis tilt mechanism to 
support the pitch manoeuvre are as shown in Figure 7.31 [A] and [B] respectively. This revealed 
that the control commands that drive the stepper motors are within the permissible operation 
limit of < 1. The spinning wheel speed profile for the repeated roll and pitch manoeuvres is as 
shown in 7.31 [E]. It shows perfect alignment of all three profiles reaching the maximum speed 
value of 2700 RPM. The initial angular speed (residual speed) of the spinning wheel was about 3 
RPM, this is necessary so that the system does not witness singularity when the spinning wheel 
initial angular velocity becomes zero as described in Equation (4.45).
Though there were noticed offset in the repeated profiles from the commanded setpoints, but the 
trajectories were able to stabilise to the neighbourhood of the setpoints.
7.3 .6  R oll A x is  C ontrol and S ta b ility  T est
This performance test is to show the capability of the actuator in achieving stabilisation of a 
setpoint. The initial attitude about the ABT roll axis was manually set to about 2.5° while the 
actuator was commanded to control and stabilise the table to a setpoint of 0° about same axis. 
The same type of PID controller and gains used for the repeatability test were again used for 
this stability test.
Figure 7.32 shows that the actuator was able to manoeuvre the table from the initial at­
titude to the commanded setpoint of 0° with a settling time of 13s while the system settled to the 
origin with a steady state error of < 20% of the initial attitude. The ABT control signal required 
to achieve the commanded stabilisation as shown in Figure 7.32[B] was between 2 x 10“  ^ and -7 
X 10“ .^ Based on the equation of motion for the tilted wheel described in Chapter 4, both tilt 
angles will be required for any manoeuvre about the roll and pitch plane axes. The maximum 
tilt angle about the wheel x-axis and the y-axis for this particular stability manoeuvre was 9.5° 
and 6.5° respectively. While the maximum control signal required by the tilt mechanisms to 
achieve and stabilise the commanded attitude was 0.1 as shown in Figure 7.32[D].
153
[A] Roll-Pitch
3
2
1
<x>
0
1
2
200 10 155
Control Signal Roll- Pitch
4
2
0
-2
■4
■6
■8
200 5 10 15
10
8
6
?
S  4
CO.
a
2
0
-2
t(s )
[C] Alpha-Beta
t(s )
[D] Control Signal Alpha- Beta
r a ■.rr1 1 r—
r J
10
t(s )
15 20
Figure 7.32: Roll A xis S tab ility  Profile: Showing the stability performance with an initial 
attitude of 2.5° and setpoint attitude of 0° about the roll axis, the tilt angles for the manoeuvre; 
Both the ABT and the tilt mechanism control signals are shown.
7.3 .7  P itch  A xis C ontrol and S tab ility  T est
Similar to the roll axis control and stability test described in Section 7.3.6, the control and stabil­
isation of the pitch axis completes the demonstration of the control and stability performance of 
the tilted wheel about the roll-pitch plane axis. Also used for this test was same PID controller 
and set of inner loop control gains as those used for the repeatability test described earlier.
The ABT initial attitude before the manoeuvre was set to 0° and 10° about the roll and 
pitch axis respectively. While the commanded attitude setpoint about both roll and pitch axis 
was 0°. Figure 7.33 shows that the actuator was able to manoeuvre the ABT from the initial 
attitude to the commanded setpoint with a settling time of less than 10s while the steady state 
error was < 8% of the initial attitude. The maximum ABT control signal required to achieve 
the commanded stability as shown in Figure 7.33[B] was between -0.012 and 0.014. From the 
tilted wheel equation of motion described in Chapter 4, both a and f3 tilt angles were required 
for manoeuvre about the roll and pitch plane axes. The maximum tilt angle about the wheel
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Figure 7.33: P itc h  Axis S tab ility  Profile: Showing the stability performance with an initial 
attitude of 2.5° and a setpoint attitude of 0° about the pitch axis; the tilt angles for the manoeuvre; 
Both the ABT and the tilt mechanism control signals are shown.
x-axis and y-axis for this particular stability manoeuvre was 12° and 22° respectively. While the 
maximum control signal required by the tilt mechanisms to achieve and sustain the commanded 
attitude control and stabilisation was between -0.1 and 0.14 as shown in Figure 7.33[D].
7.4 V alidation and C alibration
The validation and calibration of the sensors and the motors were done so as to justify their 
respective measurements. The spinning wheel speed was validated using a digital tachometer 
shown in Figure 7.34 that corroborates the mathematical model used to determine the wheel 
speed. The manual rotation of the ABT platform about the yaw axis starting from a fixed point 
indicated as 0® to a marked points of 30°, 60° and 90° was used to confirm and validate the IMU 
measurement. While the tilt angle measurements by the encoders were confirmed and calibrated 
by physically using a protractor carefully placed on the tilt mechanism plate.
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Figure 7.34: V alidation and  C alib ra tion  In strum en ts: Showing Microtach 8200 Tachometer 
for calibrating the IMU measurement
7.5 E xperim ental Error Source
The experimental results shown above have demonstrated the control capability of the new 
inertial actuator while the sources of the errors seen in the results are highlighted in the next 
sections. These errors were responsible for the offset observed in the setpoints.
7.5.1 A B T  M isalignm ent
The 3 DoF ABT was used to simulate the frictionless condition to measure the performance of a 
sensitive platform and precise devices. In our setup, the new actuator rotates the ABT and the 
attached components through the centre of rotation of the bearing when it is suspended by a 
layer of thin air that creates the almost frictionless motion. There were some visible scratches 
on the ABT spherical bearing that allowed air to escape during nominal operations thereby 
reducing the lifting capability of the pressure system. This created pressure deficit that made 
the platform not completely frictionless but created drag in the platform rotation.
7.5 .2  IM U  A ccuracy
The main attitude measurement sensor used to determine the ABT orientation in all three axes 
was the MicroStrain 3D-GX1 discussed in Section 7.1.5. The IMU has an inherent ±0.1° accuracy 
that added to the error recorded in the system measurement. Though the IMU was considered 
to a very accurate system vis—vis its cost and the condition of use, the nominal error still added 
to the total overall error recorded by the experimental setup.
7 .5 .3  G ravity  G radient Torque
The gravity gradient torque witnessed in the experimental setup performance was due to the 
long power and signal cables attached to the ABT and the tilted wheel. The power and signals 
cables were directly attached to the components mounted on the ABT. When the actuator was 
commanded to rotate the ABT platform, the cables flexed after some rotations, but when the
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cables wanted to unwind, it created large unwanted disturbance torque opposite to the direction 
of the winded cable.
7.5.4 Aerodynamic Disturbance
The lab area where the experiment was set up was properly ventilated using air conditioning 
system to ensure clean air supply, ambient environment and free from dust and dirt. But due 
to the location of the experimental setup tha t was directly beneath the air-conditioning vent, 
the air current from the ventilation system generated some disturbance torque on the platform 
measurements.
7.5.5 Tilt Mechanism Imbalance
The rotation by the tilt mechanism was done through the stepper motor. Whenever the stepper 
is powered and in ready state, it created a misalignment tha t makes the tilt mechanism not 
perfectly aligned to 0° tilt angle. This initial tilt angles by the stepper motor prior to rotation 
creates imbalance situation for the whole ABT platform. The error due to this misalignment of 
the tilt mechanism is always noticeable in the startup measurement by the IMU. Though, this 
error is assumed corrected by the inner loop controller of the control system.
7.5.6 Rotor Induced Disturbance
An ideal rotor has its mass evenly distributed about it and a diagonal inertia matrix. In reality 
rotors will not be perfectly balanced. Most rotors will have a dynamic imbalance that has both 
static and couple component. The static imbalance occurs when the centre of mass of the rotor 
and the attached flywheel is offset from the centre of rotation of the system. While the couple 
imbalance is due to the cross coupling term in the rotational dynamics as shown in [72]. In 
practise, both the static and the couple imbalance due to the rotor operation can be estimated 
and corrected to within a given tolerance on a balancing machine.
7.6 T ilted  W heel Power C onsum ption O verview
This section describes the power consumption profile of the tilted wheel components. The startup 
power requirement shown in Table 6.9 is different from the nominal power consumption or power 
requirement at maximum torque. As described in Chapter 6 the power supply to the two stepper 
motor drivers are connected together to optimise the power supply to the system. Before and 
after a slew manoeuvre the only electrical power required for the tilted wheel operation is the 
one needed for the spinning wheel to operate at the minimum speed. But during slew manoeuvre 
the stepper motor will require nominal power supply for the needed tilt motion. The spinning 
wheel is operated by increasing or decreasing the spinning wheel speed accordingly. Table 7.4 
shows the tilted wheel power requirement during nominal operation.
The two stepper motors when powered together to deliver individual required torque will 
use a combined average power of 1.24 W. The BLDC motor during nominal operation of angular 
momentum generation in achieving a 5° roll manoeuvre will require an average power of 0.304 W 
as shown in Figure 7.35, while the two encoders will require a combined power of 100 mW. The
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BLDC 14 0.0217 0.304
SM-landSM-2 16 0.08 1.28
Encoder 5 0.02 0.10
Table 7.4: Tilted W heel Nominal Power Consumption: Showing the average power con­
sumption during nominal roll and pitch manoeuvres.
combined average power consumption of all components used in the tilted wheel during nominal 
operation is 1.684 W. Prom the total average power consumed, the average power requirement by 
the BLDC motor during this nominal operation is 20% less than the startup power requirement 
described in Section 6.8.1. This confirms that the power required at the startup (the acceleration 
phase of the BLDC motor) is more than the power requirement during nominal operation.
BLDC M otor P ow er Profile
0.42
Pow er
—— — ' Av. Pow er
<2 0.36
Tim e (s)
Figure 7.35: BLDC M otor Average Power Consumption: Showing the average power 
consumed during a 5° roll manoeuvre.
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7.7 Com parison to  A lternative A ctuators
This section compares the performance capability of the tilted wheel system to other alternative 
inertial actuators. It highlights the areas of functionalities that include the torque generation, 
mass and power requirement that are very fundamental in the design of ACS for any space 
mission.
7.7.1 Attitude DoFs Capability
This section shows the comparison of the tilted wheel system to other inertial actuators in 
generating 3 DoF control torque. The torque capability of the main unit of each actuator is first 
compared and thereafter the performance when the main unit and a redundant unit combine to 
give optimum performance are also compared.
Based on the comparison shown in Table 7.5, a unit of the tilted wheel will generate ac-
1 X Tilted W heel V V V - - -
2 X Tilted W h eel V V V V V V
IxSGCMGt V - - - - -
2xSGCMGt V - - V - -
I x  DGCMG V V - - - -
2 X DGCMG V V - V V -
1 X VSCMGt V V - - -
2xVSCMGt V - V V V
IxDGV V V V - - -
2xDGV V V V V V V
Pyramid (4 x SGCMG) V V V V V V
Table 7.5: A ttitu d e  D egrees of Freedom : Table shows the numbers of degrees of freedom for 
various CMC systems including redundancy options.  ^ For configuration, axis can be either roll 
or pitch (but not both).
tive control torque about the three axes of an attached platform. A single unit of a SGCMG will 
guarantee 1 DoF while 2 units will only guarantee 2 DoF. A minimum of three units of SGCMG 
will be required to guarantee a 3 DoF torque generation. A pyramid configuration of the SGCMG 
system will guarantee a 3 DoF and 1 DoF redundant torque generation about an axis. A unit of 
DGCMG can only give a 2 DoF control about the axis orthogonal to the momentum wheel in
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the system while two units of the system axially aligned will only guarantee a repeated 2 DoF 
about same plane axes. The same capability as the DGCMG is exhibited by the VSCMG but 
there is torque generated about the axis of the spinning wheel in case of the VSCMG system.
7.7.2 Power and Mass
The tilted wheel nominal power requirement is compared in this section with other form of inertial 
actuators like the conventional reaction wheel and the SGCMG systems. The mass and the number 
of degree of freedom available to each actuator is included in the comparison as shown in Table 7.6.
The SGCMG used on BilSat satellite, a typical SSTL microSat wheel (lOSP-M) and the
M ass o f  A ctuator (Kg) 1 1 ~  1
P ow er Av. (W) 3 .2 4 2 .8  nom inal 
13 @ M ax Torque
1 .6 8 4
V oltage (V) 5 and 12 5 and 2 2 -3 4 12
M ax. Angular 
M o m en tu m  (N m s)
0 .3 5 0 .4 2 0 .4 4
M ax. Torque (m N m ) 5 2 .2 11 6 3 .3
M ax. W h eel sp e e d 1 6 0 0 0 5 0 0 0 5 5 0 0
Table 7.6: Electrical Power Comparison of Various Inertial Actuators: Showing the 
power requirement for each specified actuator during nominal operation. [77] [50]
tilted wheel are the inertial actuators compared. A unit of the SGCMG and the SSTL microSat 
wheel will guarantee 1 DoF torque generation while the tilted wheel will guarantee 3 DoF 
torque generation. Considering the number of degree of freedom by each actuator, it shows 
that the SGCMG will require a maximum power of 3.24 W at maximum torque demand, and 
the SSTL microSat wheel will require a maximum power of 13 W at maximum torque demand
[50] while the tilted wheel system will generate 3 DoF maximum torque with an average power 
requirement of 1.684 W. Both BilSat SGCMG and the SSTL microSat wheel will require a 
total power of 9.72 W and 39 W respectively if three units of each actuators are to be used to 
achieve 3 DoF, while the tilted wheel will require just a unit to achieve a 3 DoF at an average 
power requirement of 1.684 W. The tilted wheel power requirement is 50% and 83.1% less than 
the SGCMG system and the SSTL microSat wheel respectively in generating 3 DoF control torque.
Using the existing information on practical power requirement of some inertia actuators like 
the reaction wheel used on UoSAT-12 minisatellite, the Tsinghua-1 microsatellite and the CMG 
system described by Lappas [50], the scaled power and the scaled energy comparison with tilted 
wheel can be summarised as shown in Table 7.7.
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The comparison was done with all the actuators performing a single-axis 40° manoeuvre
Platform Mol (Kg-m^) 40 2.5 4.1 5.64
Manoeuvre Time (s) 200 150 20 20
Torque (mN.m) 20 10 52.25 63.3
Mass (kg) 9.6 3 1.8 ~ 1
Av. Power (W) 6 1.35 4.83 1.68
Scaled Power (W.kg/mN.m) 2.88 0.41 0.17 0.03
Scaled Energy (J.kg/mN.m) 576 61.5 3.32 0.53
Table 7.7: Electrical Power Consumption Experim ental Data: Using the average power 
to determine the scaled power and the scaled energy for the inertial actuators. [50]
with a unit of the actuator except for the tilted wheel that could only be tested for a single-axis 
manoeuvre of 6° with a tilt rate of 0.1 rad/s. The average power required by the tilted wheel 
to achieve the 6° will the same as the average power that will be required to achieve a 40° 
manoeuvre. The ABT used for the tilted wheel performance test has a Mol of 5.64 kg-m^, 
and the actuator was able to manoeuvre the table under 20s. Table 7.7 shows that the design 
parameters (mass and power) were penalised to optimise the torque capability of the tilted wheel. 
The tilted wheel showed to be more effecient in terms of power consumption with scaled power 
index of 0.297 compared to the RWs used on UoSAT-1, RW used on Tsinghua-1 and the CMG 
system used on BilSat-1 with scaled power of 2.88, 0.41, and 0.17 respectively.
7.7.3 Comparison to DGV
The major differences between the tilted wheel system and the double-gimbal variable-speed 
control moment gyro (DGV) which is the closest of all the inertial actuators to the tilted as 
described by Stevenson and Schaub [78], are highlighted in this section. This comparison shows 
the major contrast in the design and operation of each type of control actuator especially in the 
area of mass and design complexity. Though there is no model of DGV built yet, the analysis 
done in this section is based on the information provided on the numerical simulation work by 
Schaub [78].
• The tilted wheel system will guarantee a 3 DoF control and stabilisation about all three 
principal axes of a rigid satellite during nominal operation without the need for singularity 
avoidance steering law, unlike the DGV [23].
• The tilted wheel allows for a conventional reaction wheel or any other type of angular 
momentum generator to be mounted on the flat plate carrying the spinning wheel; while 
the DGV will only accommodate a spinning flywheel.
• The gimbals used in DGV or other type of CMG systems are relatively complex in 
design, and heavier than desired (an important factor in the design of ACS for space
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platform) [100] [79]. The tilt mechanism used in the tilted wheel are less complex and of less 
mass as discussed in section 6.2.4.
•  A failure of any of the gimbal systems, will render the whole DGV system inoperable, 
which is in contrast to the tilted wheel that will still guarantee 2 DoF in case of a failure of 
one of the tilt mechanisms.
7.8 Scalability
The tilted wheel system can be scaled for use with satellites in all orbits especially the Low Earth 
Orbit (LEO) with a size of Cubesat to small satellites. Though the built model is sized and 
intended mainly for LEO satellite of about 90 kg mass, it can potentially be used for attitude 
control of satellites or space platforms in higher orbits. The flight model of the actuator must be 
subjected to space environment testing before use onboard any satellite.
The components used for the build of the tilted wheel are also available in smaller or larger 
sizes for a possible scalability of the actuator for use on a smaller or larger platform respectively. 
While the system structure is mainly determined by the sizes of the components driven by the 
subsystem requirements, the two inner moving parts must be able to achieve 90° tilt angle 
without restriction or limitation by the outer assembly or the harness.
7.9 C onclusion
All the components required in the systematic setup of the two testbed used to test the per­
formance of the tilted wheel were described. This also included the signal routing tha t was 
responsible for data transfer between the control interface and the testbed setup for the operation 
of the tilted wheel.
Two different sets of experimentation were carried out. The first setup called the standalone 
testbed was to verify the individual performance of the components used in the build of the 
tilted wheel prior to the 3 DoF experimentation. The second testbed was to verify the 3 DoF 
control capability of the built model. Also discussed was the manual balancing mechanism used 
to ensure that the ABT starts from the nominal position prior to every manoeuvre.
Several tests were conducted on the standalone testbed and the 3 DoF testbed to verify the 
control performance of the tilted wheel. The standalone testbed was also used to calibrate the 
encoders (that measure the performance of the tilt mechanisms), the spinning capability of the 
spinning wheel and the performance of the stepper motors. The experimental results confirmed 
the 3 DoF capabilities of the newly proposed inertial actuator which showed that a unit of the 
actuator will guarantee a 3 DoF control capabilities about all three principal axes of a rigid 
satellite or attached platform.
The ABT testbed results showed that the tilted wheel was able to generate control torque 
about all three principal axes of the ABT. While the repeatability test results showed tha t
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repeated setpoints were able to generate similar profiles that confirmed the repeatability perfor­
mance of the actuator. The stability test results showed that the actuator was able to stabilise 
the ABT to the neighbourhood of the origin from an initial attitude. And to complete the 3 DoF 
capability of the actuator, the yaw axis control was achieved by varying the angular velocity of 
the spinning wheel accordingly. The sources of the observed errors in the experimental results 
were highlighted and these explained what informed the offsets observed in the setpoints and 
general performance of the actuator.
A simple performance comparison of the tilted wheel with other alternative inertial actua­
tors was done and the results showed that a unit of the tilted wheel will guarantee a 3 DoF 
control capability at overall less mass of about one third of the combined mass of SGCMG or 
reaction wheel. Also highlighted in this chapter was the major differences between the tilted 
wheel system and the DGV system. The power required by the tilted wheel system to generate 
maximum torque in all principal axes of a satellite is less than 50% of the power required by the 
SGCMG system or reaction wheel system to generate same DoF.
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Chapter 8
Conclusion and Future Work
8.1 Sum m ary o f C hapters
This research work afforded me the opportunity conceptualise, model and build a new type of 
inertial actuator. In achieving this feat, this document systematically explained the various stages 
involved in the research that include (I) the definition of the system requirement needed for sizing 
the actuator, (II) the development of the mathematical models for the actuator and the numerical 
simulation of the developed system, and finally (III) the physical build and experimentation to 
confirm the performance of the system.
C h ap te r  [2] discussed the various ACS control systems available in the industry highlighting 
the merit and the demerit of each of the actuators. It was evident from the literature review of 
the state of the art that owners of space satellites and other space agencies want to optimise the 
performance and efficiency of their platforms while at the same time minimise the mass and cost 
for each mission. This quest necessitates the proposal of a new actuator tha t will reduce the 
number of actuator units used in attitude control and stabilisation of space platforms. This latest 
development will considerably enhance the performance of inertial actuator by eliminating the per­
formance constraints like singularities inherent in the existing gyroscopic actuators like the CMGs.
C h ap te r  [3] discussed the conceptualised mission requirement for an ACS tha t formed the 
baseline for the design and build of the proposed tilted wheel. The research into a new type of 
inertial actuator is necessary to support an agile satellite platform in performing the required 
slew rate to achieve the mission objective. The proposed stereoscopic imaging concept allows a 
3 DoF view of any feature of interest on ground in one orbit. This can only be possible with 
a high torque capability inertial actuator. This chapter also discussed the in-orbit disturbance 
torques that will constantly be affecting the orientation of the space platforms, but the quantified 
disturbance torque is negligible compared to the control torque required to achieve the slew 
manoeuvre used as the baseline for the actuator sizing for this research work.
C h ap te r  [4] discussed the novel mathematical model for the new actuator that was formulated 
such that the singularity issue inherent in conventional torque amplified actuators like the CMG 
systems was moved to a practically non-usable tilt angle. The location of the internal singularity 
is unpredictable with the SGCMG. Nominally it could occur at any gimbal angle, but with the
164
tilted wheel model, the tilt angle that will lead to a singularity is known and it will occur at that 
point when the axes on the X-Y plane co-aligned (i.e. when a = 90° for a rotation sequence 
of RqR^). Also, if the rotation sequence is changed to R ^R ^ where the first rotation is about 
the P angle, the singularity will then occur when ^  = 90°. This state is when the wheel rr-axis 
coaligned with the y-axis by losing a rank in the G matrix. The kinematic and the dynamic 
equation of motion for a rigid satellite was equally shown in this chapter.
C h ap te r [5] highlighted the available control theories and adapted for satellite modelling 
the extended conventional LQR control theory that has faster rise and settling times, gain- 
schedules the control input weightings to optimise its performance, and computes much faster 
than classical LQR control theory. Numerical simulation of the tilted wheel equation of motion 
showed the 3 DoF torque capability of the system when used to control the dynamic model of a 
rigid satellite.
C h ap te r [6] described the systematic build of the new actuator using commercial-of-the-shelf 
technology. The build evolved from the use of a gear train to the use of stepper motors to support 
the tilt mechanisms in the system.
C h ap te r [7] described all the components and the required connections for setting up the 
testbed for the tilted wheel experimentation. Also highlighted in this chapter was the systematic 
setup of the xPC Target communication system used for the hardware-in-the-loop control experi­
mentation. Two major test campaigns were performed and duly described in this chapter. This 
includes the stand-alone testbed that described the testing of functionality of the tilted wheel 
components and the 3 DoF testbed that was used to experiment the 3 DoF performance of the 
built tilted wheel. The tilted wheel proved to have better mass and power requirement efficiency 
when compared with alternative inertial actuators.
8.2 N ovelty
The work undertaken here presents a novel type of control actuator that is capable of achieving 
a three-axis attitude control and stabilisation. According to the timeline of this research work, 
the followings are the novelties:
• Developed a unique and less complex tilted wheel mathematical dynamics model for the 
new actuator.
• The only possible singularities occur at angles (±90 degrees tilt) and speeds (zero) that 
are not for the control.
• The developed tilted wheel will use the same power and same mass requirements as a 
DGCMG, but achieve three-axis attitude control and stabilisation instead of two axis 
control.
• All motor speeds are used as control variables, which was only proposed in [78] [79] on 
the variable speed DG-CMG, but the proposed tilt assembly is more efficient for small 
satellites, which generally only require up to 30° roll and pitch off pointing. The proposed
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tilt concept has the design flexibility of being achievable using other arrangements of rotary 
or linear motors.
The tilt rate and wheel acceleration commands were generated without the need for 
pseudo-inversion obtainable with conventional CMGs.
• The tilted wheel design is a step towards the development of a new generation of momentum 
exchange devices with a potential for high torque generation in all three axes of a rigid 
satellite, with significant power, mass and cost savings than all other existing CMG strategies. 
The concept presents advantages for earth observation missions where the required slew 
angle is limited and for nanosatellites where accommodating multiple actuators reduces 
the size that can be allocated to payloads.
• In addition to the actuator design a new LQR control theory has been adapted for use 
on-board satellites which extends the classical LQR to a high performance bounded version. 
The new control law has faster rise and settling times, gain-schedules the control input 
weightings to optimise its performance, and computes much faster than classical LQR.
• A ttitude control by simultaneous generation of gyroscopic torques on the roll and pitch 
axes using one tilted wheel actuator has been demonstrated on a 3 DoF air bearing table.
8.3 C ontribution to  th e  Current State-of-T he-A rt
This research work has contributed to the current state of the art especially in the following 
areas:
• Simplified dynamic equation of motion for inertial actuator.
• Adapted for satellite use was a simplified control law for more time efficient control.
• Build of a robust and capable system suitable for small satellites.
• Design and setup up of a flexible platform for user supplied COTS inertial wheels.
• COTS solution for volume constraint small satellites .
8.4 C onclusion
An attitude control system has been designed to support a defined satellite mission requirement 
by providing attitude control and stabilisation in all three axes of the satellite. Mathematical 
models for both the satellite system and the tilted wheel system were established and both were 
integrated to achieve predefined mission objectives. The tilted wheel was able to generate torques 
in all three axes of a rigid satellite without the use of pseudo-inversion calculations but by using 
an active variable speed reaction wheel that generates angular momentum and a tilt mechanism 
that rotates the angular momentum vector of the spinning wheel about the satellite X and Y 
plane axes orthogonal to the wheel spin axis. The concept allows a conventional output torque to 
be generated about the spin axis of the spinning wheel and creates gyroscopic torque about any 
axis on the plane normal to the wheel spin axis. Results from the numerical simulation of the 
tilted wheel system using Matlab/ Simulink demonstrated the generation of torque in all three
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axes of a rigid satellite to achieve predefined objectives.
Three tilted wheel concepts (based on linear actuator, active magnetic bearing and rotary 
system) were proposed and quantitatively compared using performance criteria such as torque 
capability, torque transfer, power requirement, mass and volume. The rotary system concept was 
found to achieve the best performance in the trade-off. The actuator was then sized to achieve a 
highly agile slew manoeuvre of 1.5°/s in all three principal axes of a rigid satellite.
Torque capability of the tilted wheel has been demonstrated through numerical simulations. 
This actuator could be the next generation of inertial actuator with a potential for high torque 
generation in all three axes of a rigid satellite at a minimum power requirement, mass and build 
cost.
This work is the first to consider this specific type of inertial actuator, the work done did 
not really focused on those practical disturbance analyses but rather on proving the concept of 
control torque generation by this new actuator, the electro-mechanical actuator design (sizing from 
manoeuvre requirements, tilt mechanism trade-off, motor selection), the development of the actua­
tor mathematical model and of the adaptation of an efficient low computational optimal controller.
The principles of torque generation using gyroscopic torques on two axes and wheel torques on a 
third were demonstrated by an air bearing table.
8.5 Future W ork
This project and the built engineering model have demonstrated that a unit of an inertial actuator 
can generate control torque in all three principal axes of a rigid satellite and it is one of the first 
to consider this specific type of actuator. The practical disturbance analyses were not done but 
rather to proof the concept of torque generation from this new actuator, the electro-mechanical 
actuator design (sizing from manoeuvre requirements, higher inertia/mass ratio by using an 
outer ring, motor selection), the development of the actuator mathematical model, adaptation of 
a new and efficient low computational optimal controller and 3 DoF experimentation setup using 
a CubeSat model. The following items need to be further developed to produce a flight ready 
tilted wheel for use on a satellite and to ensure a better ACS control operation:
• The HPB gain scheduled control law developed in Chapter 5 has proven to be more efficient 
in performance compared to the classical LQR, this can be implemented practically in the 
future.
• A single unit of the tilted wheel will guarantee three-axis attitude control, but a redundant 
unit can be added to guarantee continuous operation in case of a failure of the spinning 
wheel system.
• The option of using a gear train system can be revisited especially for the inner assembly 
that has a reduced holding torque. This will guarantee a better performance about the 
wheel x-axis.
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• The whole system can further be improved to space standard by using flight proven 
components to replace the existing ones like the stepper motor, BLDC motor, the encoder, 
the motor drivers and the ball bearing.
• The balancing of the ABT testbed can be improved by automating the manual balancing 
mechanism to prevent error due to the tilt mechanism imbalance.
• Detailed analysis of the practical disturbances due to operation of the BLDC motor and 
the stepper motors will further improve the performance of the actuator.
• The tilted wheel system should be scaled down to work on smaller space platform like a 
Cubesat where there are limited space to accommodate conventional control actuator for 
three-axis attitude control and stabilisation.
• The proposed actuator should be developed beyond the test bed phase to a full spacecraft 
model devoid of all the identified ABT constraints.
8.6 Sum m ary o f P ublications
The following publications have been published or waiting to be published during the period of 
this study:
1. Inumoh Lawrence O., Vaios J. Lappas, Jason L. Forshaw, and Nadjim Horri, “Tilted Wheel 
3 DoF Experimentation using Air-Bearing Table” , Control Enginering Practice (A Journal 
of IFAC, the International Federation of Automatic Control), Submitted in November 2013 
for Review.
2. Inumoh Lawrence O., Forshaw J., Nadjim Horri, and Alex Pechev “Bounded Gain-Scheduled 
LQR Control of a Satellite Using a Tilted Wheel Methodology,” IEEE Transaction on 
Aerospace and Electronic System, US, Accepted in August 2013 for publication.
3. Inumoh O. Lawrence, Vaios J. Lappas, Jason L. Forshaw, and Nadjim M. Horri, “Three- 
Axis Tilted Wheel Experimental Results using an Air-Bearing Table,” In proceedings of 
64th International Astronautical Congress (lAC), Beijing, China, September 23-27 2013.
4. Inumoh Lawrence O., Forshaw J., Horri N., and Alex Pechev ”Three-Axis Attitude Control 
of a Satellite in Zero Momentum Mode Using a Tilted Wheel Methodology”, In Proceedings 
of American Institute of Aeronautics and Astronautics (AIAA) on Guidance, Navigation 
and Control (GNC) Conference, Minneapolis, Minnesota, US, August 2012.
5. Inumoh Lawrence, Nadjim Horri, and Alex Pechev “Tilted Wheel for Three-Axis Attitude 
Control of A Rigid Satellite”, In Proceedings of 1st International Academy of Astronautics 
DyCoSS Conference Porto, Portugal, March 2012.
6. Inumoh Lawrence O., Alex Pechev, and Nadjim Horri, “Switched Attitude Control of 
an Under actuated Rigid Satellite,” In proceedings of 62nd International Astronautical 
Congress (lAC), Cape Town, October 2011.
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A ppendix A
Space Environment C om patibility
The near vacuum of space ranging from the Low Earth Orbit (LEO) to the Interstellar space, has 
a profound impact on the performance of our satellites and the onboard subsystems. The most 
noticeable of all the effect of the space environment on satellites are the material outgassing, the 
single event effects (SEE) including the single effect upsets (SEU) that trigger digital flip and 
other failures. The events are caused from low-energy ions or electromagnetic interference that is 
very strong within the Van-Allen-Belt of the space. Other form of space environment that affect 
our space assets are the material erosion and thermal heating of rotating surfaces tha t have 
direct contact with one another, cold wedding of materials that are not properly insulated and 
those materials that change with time due to those devices that release gasses (outgassing) that 
contaminate sensitive surfaces such as optics and electronics or degrade the device itself [22].
A .l  R adiation Effect
The simulation results of the work done by Vladimirove et.al [85] shows tha t an aluminium 
absorber with thickness of 5 mm is recommended for the lower orbit while a minimum thickness 
of 10 mm is recommended for 150 km to 6000 km elliptical orbit. Though this shielding adds 
large amount of mass to the overall design of satellite devices but will ensure their safety against 
space environment radiation effect. Shielding of our devices when operated in a harsh space 
environment will prolong their life span. The Radiation Hardened devices (Rad-Hard) could be 
used to shield our devices, but it will add to the weight of the satellite and considerably increase 
the cost of the system.
A .2 O utgassing of M aterials
The vacuum environment in space can make some materials to release gasses (outgassing) that 
can contaminate sensitive surfaces like the optics and the electronics or degrade the material itself. 
The contaminates can further be polymerized by UV radiation and change the properties. The 
consequence of these are not to the benefits of our space assets. In the design of any subsystem, 
the material must be verified through TVAC (thermal and vacuum) test not to exhibit outgassing 
tendencies. Though the outgassing behaviour greatly reduces with time in the vacuum, but the 
earliest exposure time is the most critical moment. Also, the impact of the outgassing must be 
contained not to affect other system onboard the space asset. NASA [60] identified some key 
approaches to limit the outgassing effects of some materials.
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A .3 Bearing Lubrication
The use of mechanical bearing and associated lubrication have had extensive use in the terrestrial 
industry for a long time. The challenge with such items on orbit is that lubricants, adhenssive 
and other non-metal materials outgas as explained earlier. Without the lubrication and bearing, 
there will be cold welding of contacting surfaces that are not rotating. Conventional bearings 
make use of lubricant in form of film or oil based liquid. But these lubrication materials will 
readily deplete in addition to the potential for outgassing. But the use of dry lubricant like the 
Molybdenum Disulfide (used inspace vehicle- that does lubricate in vacuum), Hexagonal Boron 
Nitride (white graphite) and Tungsten Disulfide as lubricant will prolong the lifespan of our 
space assets.
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A ppendix B
M anufacturers D atasheet
B .l  M axon M otor D atasheet
M 1:2
I Stock program 
] Standard program 
Special program (on request)
Article Numbers
Values a t nominal voltage
1 Ncmlnai voltage
2 No load speed 4760
3 No load current 55.3
4 Nominal speed 3270
5 Nominal torque (max. continuous torque)
6 Nomfoal current (max. continuous currait) A 1.96
7 Stall torque 206
8 Starting current 8.58 5.22
9 Max. efOdency % 81
Characteristics
10 Termmal re&istarx» phase to phase 5.03 8.89
11 Terminal inductance phase to phase 2.24 4.29
12 Torque constant mNm/A
13 S p e ^  constant 135
14 Speed/torc^e gradient rpm/mNm
15 Mechanical time constant 17.1 17.2 12.8
16 Rotor inertia 9cm® 92.5 92.5 92-5 9 2 5
I
I
Thermal data
17 Thermal resistance housing-ambient
18 Thermal resistance winding-housing
19 Thermal time constant winding
20 Thermal time constant motor
21 Ambient temperature
22 Max. permissRjIe winding temperature 
Mechanical data (preloaded ball bearings)
23 Max. permissRWe speed 10000 fpm ^000
24 Axial play at axial load <5 .0N  0 mm
>5.0N  tM). 0.14 mm
5.7 KW  '
3.96 K/W
11.5s 10000
25 Radial play
26 Max. axial load (dynamic)
27 Max.lorce for press tits (static)
(static, shaft supported)
28 Max. radial loading, 7.5 mm from flange 
Other specifications
29 Number of pole pairs
30 Number of phases
31 Weight of motor
preloaded
I Continuous operation
in cfoservatton of abo\^ listed ttiermal resistance 
(fines 17 and 18) the maximum permtsslWe winding 
temperature witt be reached during continuous 
operation at 25“C ambient.
= Thermal limit.
Short term operation
The motor may be briefly overloaded (recurring).
Assigned power rating
m axon M odular S ystem
Planetary Gearhead
75 g 0 ^ n v n
Figure B.l: M axon M otor BLD C M  D a ta  S h ee t[56]
B .2 N em a M otor D atasheet
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step  Angle 1.8° 11HS HIgh-Torque Type
■Common Rating
Item Specification
Step Angle Accuracy ±5% (full step,no load)
Resistance Accuracy ±10%
Inductance Accuracy ±20%
Temperature Rise 80t;M ax.(rated current,2 phase on)
Ambient Temperature -ioT :-+ 5or
Insulation Resistance lOOMDMin.SOOVDC
Dielectric Strength 500VAC for one minute
Shaft Radial Play 0.02Max,{450 g-load)
Shaft Axial Play 0.08Max.(450 g-load)
■  D im en s io n  un* = mm(in )
oM
■Wiring Diagram
pnmnTj
■ Excitation S equence
Excitation: 2-2 Excitation: 2-1-2
■Specifications
Model
Torque Voltage Current Resistance Inductance Inertia Bi/Unipolar Weight Length "L"
Ncm oz.in V/Phase A/Phase Ohm/Phase mH/Phase g.cm2 # of Leads Kg in
11HS12-0956S 4.3 6.1 2.66 0.95 2.8 1 9 Uni (6) 0.11 31.5 1.24
11HS12-0674S 6 8.5 3.8 0.67 5.6 4.2 9 Bi(4) 0.11 31.5 1.24
11HS18-0956S 7.5 10.6 3.2 0.95 3.4 1.2 12 Uni (61 0.14 44.5 1.75
Figure B.2: N em a S tepper M oto r D a ta  S h ee t[62]
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A ppendix C
I /O  Cards
Two different types of National Instrument I/O  cards were used in the experimental setup. One 
output card, the NI PCI 6703 and one input card, the NI PCI 6024E. The output card has 16 
voltage outputs of ±10 and 8 digital I/O  lines. This is controlled from the real time kernel of 
MATLAB/ xPC Target and offers a maximum of 16 — bit resolution with an output accuracy of 
1 m V. The PCI card itself is low power comsumption with advanced power management tools.
C .l N I PC I 6024E and PC I 6703 Cards
Ccrtrol
A dilren
Data
Bus
Interface
Logic
00
c5
%
CO
CL
E
i
I
 7*-----
ControM inas
nvRAW
DAC
Control
DigitalI'D
Serial
Number
EEPROM
Tamperatura
r IB-BhDAC
RAM Data
DAC
Out
RAM
AddtfCsr!
nvSRAM ;]
Main Voltage 16
 »  Voltage ------------ % Output
Circuit CrcritX lS
r ~ ~ ~  ~ ~ i o
I  Main Currant t6  ^
Î Current )  Output  |  03C rc ia t CircuitXlÉ C, 8704CW¥l g
DID lines<7..0> (~~t
+5V
.75 A
Self-R esetting Circuit Breaker 
Figure C.l: N I P C I 6703 H ardw are Block D iag ram [41]
1 8 1
rt m I
Figure C.2: N I P C I 6703 and  N I P C I 6024E[41]
C.2 D iam ond I /O  Card
Analog Inputs
Number of inputs 
Input Modes 
Input Ranges
Max Sample Rate 
Nonlinearity 
On-board FIFO 
Calibration 
Analog Outputs 
Output Ranges 
Output Current 
Settling Time
Analog Outputs
Relative Accuracy 
Digital I/O Lines 
DIO Input Voltage
DIO Output Voltage
Counter I Timers 
Clock Source
Power Supply 
Operating Temp 
Weight
32 16-bit
Single-ended, Differential 
±10V, ±5V, ±2.5V, ±1.25V, 
±0.625V, 0-1OV, 0-5V, 1.25V, 
Ü-.625V 
250KHZ
±3LSB, no missing codes 
1024, prog, threshold 
Automatic autocalibration 
4, 12-bit resolution 
±5V, ±10V, 0-5V, 0-10V 
±5mA max per channel 
6pS max to 0.01%
±1 LSB
24 programmable direction 
Logic 0: O.OV min, 0.8V max 
Logic 1: 2.0V min, 5.0V max 
Logic 0; O.OV min, 0.33V max 
Logic 1: 2.4V min, 5.0V max 
1 - 32-bit; 1 - 16-bit 
10M Hz clock or external 
signal \
+5VDC±10%@410mA 
-40"C to +85°C 
3.4oz / 96g  ___
Figure C.3: D M M  32x AT D a ta sh e e t[20]
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A ppendix D
H PB  Proof
D .l  R obustness A nalysis
The linearised MIMO system is described by Equation (D.l). Using the HPB algorithm, the 
Riccatti equation is solved at each state and the Lyapunov function of Equation (D.4) proves 
stability at each new state on the system trajectory. In this analysis, we demonstrate tha t a 
Lyapunov redesign can also provide robust stability to bounded disturbance. Suppose tha t A  
is stable, and P  is the unique solution of Lyapunov equation A ^ P  +  P A  +  J  =  0 , (5 is the 
disturbance torque and the stabilizing control law is represented by u  at each set-level as shown 
in Figure (5.11). The state-space equation is given as follows where i is an index for x, y, or z.
X = A x (t)  +  B u  (D.l)
Ui =  ULQRi -  kd ■ sm oo th {s i)  (D.2)
where Si represents a sliding surface and kd is a gain in a nonlinear sliding mode control approach. 
Equation (D.3) approximates a sign function [40] where the term si is defined as Sj =  w% c%, 
the Euler angle (about i axis), while c* is a constant gain. The term e prevents a singularity 
when Si is zero.
smooth{si) = - —^ ----  (D.3)
Ipill +  ^
The Lyapunov function V {x,t)  of the system is given in Equation (D.4). If P  stretches the 
geometry, then the sublevel sets are ellipsoid and bounded as shown in Equation (D.5).
y(æ) =  x ^ P x  (D.4)
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V  (x) = x^P x  +  âFPx +  x^Px  (D.5)
=  2x^Px
= 2x^P{Ax  +  Bu)
= x^{A^P  +  P A )x  +  2x^PBu  
= —x^x 4- 2x^PBu
< - | | x f +  2 |M ||P | | | |B « | |  (D.6)
< - | | x f +  2fc||P|| I r f
=  - | | x f  ( l - 2 & ||P | | | |x | |)  (D.7)
For |[x|| <  l/(4 fc ||P ||), where Bu(x) < fc||x||^ and using the Rayleigh-Ritz Theorem yields 
Equation (D.8).
F(x) <  ~ l  l l x f  < (D.8)
Using Equation Equation (D.9) yields Equation (D.IO).
| |æ f  < — ^  jyX ^ P x  (D.9)
=> \\x\\ < 4k\\P\
(D .ii)
Therefore, since the Lyapunov fuction V = x ^ P x  proves the stability of the linearised system, 
then, the Lyapunov Redesign also proves the asymptotic stability of the nonlinear system.
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A ppendix E
Two T ilted W heels Dynam ics
E .l  Tw o T ilted  W heel M odel
This concept involves the use of two independent tilted wheel co-aligned in the same axis and in 
tandem. The sum of torque from the two tilted wheels will be the total torque generated by the 
system. The rotation of the two tilted wheels from the wheels body frames to the satellites body 
frame by assuming a rotation sequence of first about the wheels x- axis through angle a  and 
then about the wheels y-axis through angle P can be represented as:
cos^i 0 —sm/?i ■ 1 0 0
0 1 0 0 cosa\ sina\
_  sin^i 0 cos^l 0 —sinai cosa\
cosPi cosaisinpi —cosaisinPi
0 cosai sinai
sinPi —sinaicos/3i cosaicos^i
and the rotation matrix for the second tilted wheel will be:
(E.l)
(E.2)
c o s^ 2 0 —sin P 2 ■ 1 0 0
^{oi2P2) ^ i0 2 )^ {o i2 ) 0 1 0 0 c o s a 2 s in a 2
_ 8171^2 0 C0S/?2 0 —s i n a 2 c o sa 2
C0 SP2 cosa2Sin^ 2  —cosa2 sin^2
0 coso!2 sina2
sm/?2 —sina2CosP2 cosa2Cos/32
(E.3)
(E.4)
E.1.1 Angular Momentum
The angular momentum of the system with two tilted wheels is similar to the one for a tilted 
wheel described in section (4.4.1)
H — R(^ai0i)kl + JaiOil +  + -R(o:2/32)^ 2 +  Ja2^2 +  J 2^^ 2 (E.5)
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where hi =  [0 0 and /i2 =  [0 0 hio2]^- The angular momentum due to the tilt rates in
equation (E.5) can be neglected due to the slower tilt rates compared to the angular speed of the 
spinning wheels.
E .l .2 Torque in the System
The torque generated by the system is a time derivative of the angular momentum vector of the 
system and this can be represented as follows:
(E.6)
substituting definitions of equations (E.2) and (E.4) into equation (E.6), and also using the 
Jacobian to solve for the rotation matrix derivatives, the torque generated by the system can be 
written as:
0 0
,  ^(7^ 0:2 A ) S + ■Ù2-
0^12^ 2
0 0
0 0 0 +  Ra2^2 0
hyjX hii}2 hiu2
(E.7)
where =  [ozi Ô2 = [% P2V , =  [ài and 62 = [d2 V2V  = •
Equation (E.7) will now be represented as:
Equation (E.8) can actually be re-arranged to become:
s ina isin^i —cosaicos^i —cosaisinPi
H = cosai 0 sinai
—sinaicosPi —cosaisin^i cosaicos/3i
sina2sin^2 —COSa2COS^ 2 —cosa2sin^2
+ cosa2 0 ^2 Jw^w2 T sina2
—sina2CosP2 —cosa2sin^2 COSa2COS^ 2
Jw^w2 (E.8)
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H  =
sin a is in ^ i — cosai cos^ i^ —cosaisinPi sina2sin^2 —cosa2Cos^2 —cosa2sin^2
cosai 0 sinai cosa2 0 sina 2
sinaicos^i —cosai sin/?i cosaicos^i —sina2 Cosp2 ~-cosa2sin/32 cosa2 CosP2
ài Jw^wl 0 0 0 0 0
A 0 JyjÇlyjl 0 0 0 0
fityi 0 0 Jw 0 0 0
a2 0 0 0 JwVtw2 0 0
A 0 0 0 0 Jw^w2 0
^w2 0 0 0 0 0 Jw
(E.9)
If the first matix on the right hand side of equation (E.9) is defined by Q, it can then be 
represented as:
Q =
smaismy^i —cosaicos^i —cosaisin^i sina2sin^2  
cosai 0 sinai cosa2
-sinaicosPi —cosaisinPi cosaicos/Si —sina2COsP2
—cosa2Cos^2  —cosa2sin/32 
0 sina 2
—cosa2 sin^2  cosa2COsP2 
(E.IO)
Matrix Q is not a square matrix and so cannot be inverted directly. But it can be solved by 
using pseudo-inversion defined by Wie [2005] as:
T \ - i (E .ll)
The tilt rates and the wheel accelerations can then be represented by using the pseudo-inversion 
defined in equation (E .ll) as:
à i Jw^wl 0 0 0 0 0
A 0 Jw^wl 0 0 0 0
fliyl
=  Q+H 0 0 Jw 0 0 0
Q!2 0 0 0 Jw^w 2 0 0
A 0 0 0 0 Jw^w2 0
^w 2 0 0 0 0 0 Jw
- 1
(E.12)
The tilt angles and spinning wheels angular speed can derived by simple integration of equation 
(E.12).
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A ppendix F
xPC  Target Setup
Start Matlab and input xpcexplr on the command prompt.
An xPC Target Explorer as shown in Figure (F.l) will pop up.
Q  kPC Target Explorer
File Target Application T ods Help
a i *
xPC Target Hierarchy
EF4 Host PC Root 
; Compiler!;] Configura
È  DLM(s): CAUœrsSyw
 ^ - - i l  IMU_GyroKF dlr 
ËF- jSP AiiBeaimgT able 
0  Configuration
@ Communication 
-®  Settings 
ffi Appearance 
File System 
PCI Devices
Host PC Root Information
Host PC Root contains host configuration properties and aii the xPC 
Target applications (DLMs). Once your target PCs are configured and 
connected, you can download your target application to the connected 
target PC.
xPC TargM Explorer always has a default target PC node in its 
configuration. The default target f*C node is always boldfaced, in a 
inuiti4arget environment, this visual aid helps you easily identify the 
default target PC.
Configuring tfie xPC Target Host PC
1. in the xPC Target Explorer window, select the Compiier(s) 
Configuration node.
2. in tfie right pane, the complier parameters appear.
3. At the Select C Compiler drop^lown list, select the compiler you have 
installed on the host PC.
4. Enter the path (or browse) to the complier for Compiler Path. For 
example,
C:\Program FiiesUllicrosoft Visual Studio.
Rrfresh Enabled
Figure F.l: xP C  T arget E xplorer W indow
• Compiler and Network communication configuration.
The xPC Target Explorer contains two computers: one is the Host computer, the other one 
is the Target computer. The default Target node has been changed into AirBearingTable 
in Figure (F .l). Before creating the xPC DOS loader, the C compiler used by the xPC 
Target Host PC needs to be configured. In the xPC Target Explorer window, Corapiler(s) 
Configuration node is selected. In the right pane, at the Select C Compiler drop-down list, 
the compiler that was installed on the host computer was selected and the option ’Apply’ 
was chosen to apply the changes, as shown in (F.2).
As for the Target node, TC P/IP  host-target communication method is selected from 
the Communication node under target node. The TC P/IP  Network Communication pa­
rameters are set up according to Figure (F.3).
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Q  xPC Target Explorer O
File Target A pplication Tools Ftelp
L * x i . u  ■
xPC T arget Hierarchy
â  ^  DLM(s): C:\Users\yw
 g ]  IMU_Gi>toKF.dlr
^  A irB earingT able
B  ^  Configuration
i  -  - Ô  Communication 
&  Settings 
^  Ô  Appearance 
^  File System 
- W  PCI Devices
H o r t PC R oot C om piler C onfiguration
Select C compjer:
Compier P ath
jVisualC
Revert
[E:\MicrosoftVisual Studio 9.0 
Apply I
Refresh Enabled
Figure F.2: xP C  T arget E xp lo rer C om piler C onfiguration
The xPC Target has a feature which supports writing real-time data to a disk file
Q  xPC T a^e t Explorer
File Target Application Took Flefp
0" X a : F ■ I B ! *
xPC Target Hierarchy
B  Host PC Root
I %  Compiler(s) Configura 
B  DLM(s): C:\Users\yw 
: 0  lfrlU_GyroKF.dr 
ËT ^  AirBearingTable
B  - f ^  Configuation______
I -®  Settings
'— ®  Appearance 
^  File System 
- B  PCI Devices
J
AirBearingTable Cofnmunkation Component
Communication protocol 
Host tagel communication: jjcp^ip 3
-Target PC TCP/IP configuration 
Target PC IP address:
-
|l31.27.56.54 
TCP/IP target port:
TCP/IP target ckiver: 1182559 d
I22222
LAN subnet mask address:
TCP/IP target bus jp g
d
|255.255.æ5.0 
TCP/IP gateway address:
TCP/IP targetIbA memory jOxSOO
1131.27.56.1 TI3P/IP target IbA IHIJ number.jg
1
Hostport: jcOMl _ J  Haudrate: jn5200 d
Apply
Refresh Enabled
Figure F.3: x P C  Target E xplorer n e t C om m unication C onfiguration
on the target system, also called File Scope. This feature is limited to IDE hard drives 
formatted in a special way using a tool called “FAT” . Hard drives formatted in NTFS 
or hard drives that use other interfaces, such as SCSI or diskonchip, are currently not
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supported by Matlab R2010a. Fortunately, xPC Target supports IDE-compatible compact 
flash (CF) drives/cards. To enable this feature, in the Settings node under Air Bearing 
Table Configuration, “Enable secondary IDE” is selected, as shown in Figure (F.4).
W  xPC Target Explorer
File Target Application Toots Flelp
a *  X
xPC T arget Hierarchy
E F - â  Host PC Root
 ^  Compiler(s) Configura
É  ^  DLM(s): C:\Users\yw 
’ - - g |  IMU.GyroKF.dIr 
^  A irB earingTable 
Configuration 
-ffi Communication
ffi Appearance 
File System 
PCI Devices
AirBearingTable Settings C om ponent
Target RAM size (MB):
(Auto 3
Maximum model size:
jlMB
S? Enable secondary IDE 
r  TargetPCisa38B/48G 
r  Multicore CPU support
3
App^
Refresh Enabled
Figure F.4: ID E  C om patib le  CF C ard  S etting
• Create xPC DOS Loader.
Before creating the DOS Loader, the drive letter of the USB connected CF card used must 
be changed to the correct format name like “A”. In the xPC Target Explorer xPC Target 
Hierarchy pane, the Air Bearing Table Configuration node was selected followed by the 
DOS Loader tab. In the Location parameter, enter the USB connected CF card format 
name, click Apply button followed by clicking Create DOS Loader button, as shown in 
Figure (F.5).
• Testing the Installation from the CF Card Boot Loader
The created target boot disk is inserted into the Air Bearing Table OBC computer drive. 
After loading the BIOS, the software boots the xPC kernel and displays the following on 
the target computer screen. The Real-Time xPC Target spy is shown in Figure (F.6).
After all the above configuration has been concluded and the xPC Target was ready for use, and 
the display on the Target screen confirm no error, a further test was run through the Matlab 
Command Window as detailed below:
• xPC Target v4.3 Test Suite
• Host-Target interface is: TCP/IP (Ethernet)
• Test 1, Ping target PC “AirBearingTable” using system ping: ... OK
• Test 2, Ping target PC “AirBearingTable” using xpctargetping: ... OK
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Q  xPC T arget Explorer i ®
File T arg d  Application Tools Fle^>
i* X ® ■
xPC Target Hierarchy
B  @  HosiPCRool
i— ^  Compiler(s) Configura 
È - ^  DLM(s): C:\Users\jiw
 IMU_GjiroKF.dlr
B  AirBearingTable 
à -  4 ^  Configuration
ffi Communication 
ffi Settings 
_  ffi Appearance 
File System 
tÿ  PCI Devices
LHK
AirBearingTable Configuration
Boot Floppy I CD Boot LJDOSjLoadetJ Network Boot |
Seler^ a  location lo  crea te the DOS Loader
Location |A \
Create DOS Loader I
Refresh Enabled
Figure F.5: C rea te  DOS Loader S etting
M  Real-Time xPC Target Spy
.‘•X x P C  T a r g e  î  4 . 3 ,  < c ) 1 9 9 6 - 2 O 1 0  T h e  M a t h W o r k s ,  I n c .  x
S y s t e w :  s t a r t i n g  u p  w i t h  1 C P U
S y s t e n :  H o s t - T a r g e t  I n t e r f a c e  i s  T C P / I P  ( E t h e r n e t )
Figure F.6: R eal-T im e x P C  T arget D isplay Screen
Test 3, Software reboot the target PC “AirBearingTable” : . OK
Test 4, Build and download an xPC Target application using model xpcosc to target PC 
“AirBearingTable” : ... OK
Test 5, Check host-target command communications with “AirBearingTable”: ... OK
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•  Test 6, Download a pre-built xPC Target application to target PC “AirBearingTable”: ... 
OK
• Test 7, Execute the xPC Target application for 0.2s: ... OK
• Test 8, Upload logged data and compare with simulation results: ... OK
• Test Suite successfully finished
The last item from the above confirmed that the setup was properly done and the xPC Target 
configuration ready for use. If any of the above check results shows error message, then the setup 
will have to be reviewed and the error corrected accordingly and the test re-run thereafter.
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A ppendix G
Tilted W heel Assem blies CAD  
Drawing
G .l F lyw heel C A D  Drawing
|g7i gayrm I oaïï
1 Irrj---------{— 1 Iril 1 1 II II 1
ima oMPWKE sttrcQ
SOUD EDGE
UGS • The PIM Coençanÿ
tvtfOfT la g T ltfl
Figure G.l: F lyw heel CA D  D rawing: Showing the Dimension
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G .2 C ubeSat M ounting Bracket
m I imm
25 IRESS OTHR'.IZ SRCFKO 
BHENSIWSiWEKMlaïtîDC
UGS-The PLM Comoeny
Figure G.2: C ubeS at M ounting  B racket: The CubeSat is mounted on the interface; The 
interface is in-turn mounted on the Tilted Wheel or ABT experimentation
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G .3 A ssem bly-1 C A D  Drawing
DATE AfW(MD
130
IMISSQMRWS SRCHO 
DKNSIOGAfîMMUKTIRS
ZRîXXXmtXXXX
SOLID EDGE
UGS ‘ The PLM Company
Figure G.3: A ssem bly-1 CAD D raw ing: Showing the dimensions of the plate carrying the 
spinning wheel.
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G .4 A ssem bly-2 C A D  Drawing
g
IHESStmfRWÏSIOMQ aiNEHacKs m. n muktîrs
SOLID EDGE
UGS- m e  PIM Company
MU iMHiHT 13-
Figure G.4: A ssem bly-2 CAD D rawing: Showing the dimensions and the slot for mounting 
the stepper motor the tilt Assembly-1
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G .5 A ssem bly-3 C A D  D rawing
230
SOLID EDGE
UGS - The PLM Company
Figure G.5: Assem bly-3 CAD D rawing: Showing the dimensions of the tilted wheel outer 
interface to the attached platform. It also holds the stepper motor that rotates Assembly-2.
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